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Abstract
The start of the LHC1 in the year 2009 has given access to the energy regime beyond the TeV scale.
Different theories of particle physics developed in the past years and decades give reason to expect
new phenomena at that energy scale, such as new particles or modified couplings. Many of these
phenomena are predicted to show effects in various final states with different particle content.
The many possibilities arising from the large number of theories make it difficult to provide
dedicated analyses for each thinkable signature. Furthermore, it is impossible to estimate which
models have not been covered by theoretical approaches, and thus might be overlooked by dedicated
analyses.
This thesis presents a complementary approach where large parts of the data recorded with the
CMS2 detector are classified by their physics content (electrons, muons, jets, etc.) and systematically
scanned for deviations from the Standard-Model prediction (Monte-Carlo simulation). In this thesis
the results of the Model Unspecific Search in CMS (MUSiC) with special focus on data taken in
the year 2011 are presented.
No significant deviations from the Standard-Model prediction have been found in the analysed
2011 CMS data.
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Zusammenfassung
Der Start des Beschleunigers LHC3 im Jahr 2009 hat den Zugang zum Energiebereich jenseits der
TeV-Skala ermo¨glicht. Verschiedene Theorien der Teilchenphysik, die in den vergangenen Jahren und
Jahrzehnten entwickelt wurden, geben Anlass, neue Pha¨nomene an dieser Energieskala zu erwarten,
wie z. B. neue Teilchen oder modifizierte Kopplungen. Viele dieser Pha¨nomene machen Vorhersagen
fu¨r Effekte in verschiedenen Endzusta¨nden mit unterschiedlichem Teilcheninhalt.
Die vielen Mo¨glichkeiten, die sich aus den verschiedenen Theorien ergeben, machen es schwierig
dedizierte Analysen fu¨r jede mo¨gliche Signatur zu betreiben. Des Weiteren ist es unmo¨glich
abzuscha¨tzen, welche Modelle durch die theoretischen Ansa¨tze nicht bedacht wurden und somit
von den dedizierten Analysen u¨bersehen werden ko¨nnten.
Diese Arbeit pra¨sentiert einen komplementa¨ren Ansatz, bei dem ein großer Teil der mit dem
CMS-Detektor4 aufgezeichneten Daten abha¨ngig von ihrem physikalischen Inhalt (Elektronen,
Myonen, Jets, etc.) klassifiziert und systematisch nach Abweichungen von der Standard-Modell-
Vorhersage (Monte-Carlo-Simulation) untersucht wird. In dieser Arbeit werden Ergebnisse derModel
Unspecific Search in CMS (MUSiC), mit besonderem Fokus auf die im Jahr 2011 aufgenommenen
Daten, gezeigt.
Es wurden keine signifikanten Abweichungen von der Standard-Modell-Vorhersagen in den
untersuchten CMS-Daten aus dem Jahr 2011 gefunden.
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3Chapter 1
Introduction
In the year 2011 the LHC has continued colliding protons with a centre of mass energy
√
𝑠 = 7 TeV
and reached a peak instantaneous luminosity of 4.02 Hz/nb at CMS ([1]), which is 40 % of its design
instantaneous luminosity ([2]). With this performance, the LHC delivered 6.13/fb of integrated
luminosity, of which CMS recorded 5.55/fb ([1]). The analysis presented in this thesis uses a
significant part of that data.
One great success of the LHC operation is compelling evidence for the missing part of the SM1,
the Higgs mechanism, that could be provided by the CMS ([3]) and the ATLAS experiment ([4]) in
the course of the year 2012.
Many theoretical predictions for an extension of the SM exist but only exclusion limits on these
theories could be set by the LHC experiments until now. This suggests that potential new physics
might manifest itself in ways not accessible with the currently available precision or might be realised
in a way no one has thought of yet. This argumentation leads to the idea of generically analysing the
recorded data for deviations with smallest possible theoretical bias. Therefore, the Model Unspecific
Search in CMS (MUSiC) has been implemented ([5, 6]).
The idea of a model independent search is not entirely new and has been successfully performed
in former particle-physics experiments. Most considerable examples are [7] at the L3 experiment at
LEP2, Sleuth at DØ ([8, 9]), Sleuth, Vista at CDF3 ([10, 11]) at the Tevatron and [12, 13]
at H1 at the HERA4collider. While Sleuth searches for excesses in the high-𝑝T tails of different
distributions of DØ and CDF data, Vista performs a global fit to CDF data considering nuisance
parameters. The H1 search examines several kinematic variables and searches whole distributions
for potential excesses and deficits.
The model independent search presented in this thesis follows the ideas of the algorithms mentioned
above and can be best compared to the one deployed at H1, in terms of considered kinematic
variables and scanning methods. MUSiC scans three different kinematic distributions in different
event classes (final states) for deficits as well as excesses, comparing measured data with Standard
Model expectation obtained from Monte-Carlo simulation.
Potential deviations found by the algorithm described here have to be investigated thoroughly as
they may have many different origins, like not well understood detector effects, imperfect modelling
of the SM physics, insufficient MC modelling and, of course, new physics phenomena.
This thesis presents a complete description of the algorithms and results of the analysis of large
parts of the data taken by CMS at LHC in the year 2011.
1Standard Model of particle physics
2Large Electron-Positron Collider
3Collider Detector at Fermilab
4Hadron-Elektron-Ringanlage

5Chapter 2
Theoretical Background
In the course of the last century, the understanding of the interaction of (subatomic) matter has
evolved and resulted in a mathematical description called the Standard Model of particle physics (SM),
which takes into account aspects of special relativity as well as quantum mechanics. It allows to
describe particles and interactions in a uniform manner. The SM is able to describe the outcome of a
large number of different (microscopic) experiments with a high precision but also helps to improve
the understanding of processes on a cosmological scale.
In the first place, the theory only covered electroweak interactions ([14–16]) but could also be
extended to describe the strong force ([17]). A summary of the key features and the particles found in
the SM will be given in Sec. 2.1. Detailed descriptions of the involved interactions and mathematical
models can be found, e. g. in [18].
However, not everything can be explained with help of the particles and interactions found in the
SM, which will be addressed in Sec. 2.2.
2.1 The Standard Model of Particle Physics
2.1.1 General Remarks
In this thesis, the so called natural units are used. This means:
~ = 𝑐 = 1. (2.1)
It increases clarity without loss of information. One consequence of this definition is that the units
of many quantities of interest can be written in powers of eV, i. e.:
[energy] = [momentum] = [mass] = [length]−1 = [time]−1 = eV. (2.2)
According to common conventions in relativistic physics, Greek indices will be used to label time and
space coordinates. With this, 𝑥𝜇 stands for 𝑥0, 𝑥1, 𝑥2, 𝑥3. One abbreviation in this context is:
𝑥 = (𝑥𝜇) = (𝑐𝑡,𝑥) 𝑐=1= (𝑡,𝑥). (2.3)
Further, 𝛾𝜇 denotes Dirac matrices.
Two widely used quantities are:
𝛽 = 𝑣
𝑐
𝑐=1= 𝑣, 𝛾 = 1√︁
1− 𝑣2
𝑐2
= 1√︀
1− 𝛽2 . (2.4)
In natural units these can be written as:
𝛽 = |𝑝|
𝐸
, 𝛾 = 𝐸
𝑚
, (2.5)
where 𝐸, 𝑝, 𝑚 are energy, momentum, rest mass of a particle (or system). In these units, the
relativistic mass-energy-relation is simply given by:
𝐸2 = 𝑝2 +𝑚2. (2.6)
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2.1.2 Particles of the Standard Model
After many years of research, it was possible to identify and classify twelve particles and anti-
particles, all with spin=12 (fermions), which can be used to describe all visible matter in the universe.
Additionally, the theory provides a way to describe the fundamental forces by the exchange of (virtual)
particles with spin=1 (bosons). The fermions can be grouped according to their participation in
different interactions. All fermions take part in electroweak interactions. The first type considered
here are the leptons. The particles are the electron, the muon and the tauon (with two different
electric charges) and their corresponding (anti-)neutrinos:(︂
e
νe
)︂ (︂
µ
νµ
)︂ (︂
τ
ντ
)︂
.
As electrons, muons and tauons have an electric charge of ±1 elementary charge 𝑒, they take part in
electromagnetic interactions. The neutrinos, being electrically neutral, can only participate in weak
interactions. This fact makes it very difficult to detect them because they can travel long distances
through matter without any interaction.
The other type of particles are the six known quarks and their anti-particles (up, down, charm,
strange, top, bottom), which can be arranged in three doublets:(︂
u
d
)︂ (︂
c
s
)︂ (︂
t
b
)︂
.
All quarks carry colour charge enabling them to interact via the strong force. The ‘up-type’ quarks
(u, c, t) have an electrical charge of +23 𝑒, the ‘down-type’ quarks (d, s, b) have a charge of −13 𝑒.
Hence, quarks can interact via electromagnetic, strong and weak force.
Because of the special properties of colour charge, and with it of the strong interaction, quarks
cannot be observed as isolated particles. Interactions with quarks always end up in the formation of
hadrons that are colourless (hadronisation). Because of the ‘strength’ of the strong force the resulting
bound states have a size of the order of a proton1.
Fermions can be arranged in doublets, called generations. This grouping indicates their role in
weak interactions. Only the weak interaction is able to convert members of one generation into
one another (respecting conservation laws, like lepton number or charge conservation). Additionally,
quarks have finite probabilities of converting into quarks of another generation. For example the
decay:
𝐾+ −→ 𝜋+𝜋0 (2.7)
implying the transition:
s −→ u + (u + u) (2.8)
is allowed and has a measurable probability.
Many other combinations are possible and the transition probabilities can be summarised in the
CKM-matrix2.
For every particle mentioned above there exists an antiparticle with opposite sign for all additive
quantum numbers like charge, baryon number or lepton number, and with same sign for non-additive
and multiplicative quantum numbers like mass, spin or charge parity. Gauge theories like QED3,
1Charge radius 𝑟p ≈ 8.8 fm ([19])
2Cabibbo Kobayashi Maskawa or quark mixing matrix
3Quantum ElectroDynamics (cf. Sec. 2.1.7)
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QCD4 and the electroweak unification provide the possibility to describe the three forces by the
exchange of bosons (“gauge bosons”). The electroweak theory shows that the electromagnetic and
weak interactions can be described by the exchange of photons, W+, W−, and Z bosons (including
W± self-coupling). QCD provides eight gluons that mediate the strong interactions of quarks, but
also allows gluon-gluon interactions.
The photon is massless and electrically uncharged. W+ and W− have a mass of 80.4 GeV and
an electrical charge of ±1 𝑒. The Z boson has a mass of 91.2 GeV and is does not carry electric
charge ([19]). The gluons carry a combination of colour and anti-colour charge but have no electric
charge. From the theory point of view, gluons are massless.
A summary of all known particles is given in Tab. 2.1.
4Quantum ChromoDynamics (cf. Sec. 2.1.7)
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Table 2.1: Summary of the particles of the standard model. 𝐼3 stands for the third component of the
weak isospin. 𝑞 is the electric charge of the particle in units of 𝑒. All values are taken from [19].
Fermions (spin = 1/2)
leptons: e µ τ
𝑞 = −1 𝑞 = −1 𝑞 = −1 𝐼3 = −12
𝑚e = 0.511 MeV 𝑚µ = 105.7 MeV 𝑚τ = 1776.8 MeV
νe νµ ντ
𝑞 = 0 𝑞 = 0 𝑞 = 0 𝐼3 = +12
𝑚νe < 2 eV 𝑚νµ < 0.2 MeV 𝑚ντ < 18 MeV
quarks: u c t
𝑞 = + 23 𝑞 = +
2
3 𝑞 = +
2
3 𝐼3 = +12
𝑚u ≈ 2.6 MeV 𝑚c ≈ 1.3 GeV 𝑚t ≈ 171.2 GeV
d s b
𝑞 = − 13 𝑞 = − 13 𝑞 = − 13 𝐼3 = −12
𝑚d ≈ 5.0 MeV 𝑚s ≈ 104 MeV 𝑚b ≈ 4.2 GeV
Bosons (spin = 1)
γ g Z0 W− W+
𝑞 = 0 𝑞 = 0 𝑞 = 0 𝑞 = −1 𝑞 = +1
𝑚γ < 10−18 eV 𝑚g < 1.3 MeV 𝑚Z0 = 91.2 GeV 𝑚W± = 80.4 GeV
H (spin = 0)
𝑞 = 0
𝑚H ≈ 126 GeV
2.1.3 Formalism of Quantum Field Theory
Similarly to classical mechanics, where equations of motion can be derived from the principle of
stationary actions by demanding
𝛿𝑆 = 𝛿
𝑡2∫︁
𝑡1
d𝑡 𝐿(𝑞, 𝑞) != 0, (2.9)
in quantum (field) theory a corresponding approach leads to:
𝛿𝑆 = 𝛿
𝑡2∫︁
𝑡1
d𝑡
∫︁
d3𝑥 ℒ(𝜑(𝑥𝜇), 𝜕𝜇𝜑(𝑥𝜇))⏟  ⏞  
Lagrangian (density)
!= 0 (2.10)
⇒ 𝜕𝜇 𝜕ℒ
𝜕(𝜕𝜇𝜑(𝑥))
− 𝜕ℒ
𝜕𝜑(𝑥) = 0, (2.11)
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with the field 𝜑(𝑥) and its (four dimensional) gradient 𝜕𝜇𝜑(𝑥). One major theoretical challenge is to
find Lagrangians ℒ satisfying this equation and describing the propagation of particles. For example
the Lagrangian:
ℒ = 𝜓(𝑥)(𝑖𝛾𝜇𝜕𝜇 −𝑚)𝜓(𝑥), (2.12)
where 𝜓(𝑥) is the complex conjugated of 𝜓(𝑥), leads to the Dirac equation for free fermions.
2.1.4 Dirac Equation
Since Schro¨dinger’s equation cannot be used to describe relativistic particles, Dirac developed an
equation for relativistic fermions that lead to the prediction of the existence of a “positively charged
electron”, the positron. The Dirac equation with the four-component Dirac-Spinor 𝜓(𝑥), and the
mass 𝑚 of the fermion, reads:
(𝑖𝛾𝜇𝜕𝜇 −𝑚)𝜓(𝑥) = 0. (2.13)
2.1.5 Gauge Principle
In classical electrodynamics the electric and magnetic fields can be described by a scalar potential 𝜙
and a vector potential 𝐴. It can also be shown that the physical solutions for the fields do not
change, if the following transformations are applied:
𝐴(𝑟, 𝑡) −→ 𝐴′ = 𝐴(𝑟, 𝑡) +∇𝜒(𝑟, 𝑡) (2.14)
𝜙(𝑟, 𝑡) −→ 𝜙′ = 𝜙(𝑟, 𝑡)− ?˙?(𝑟, 𝑡), (2.15)
with the gradient ∇𝜒 and time derivation ?˙? of one and the same scalar gauge field 𝜒 (e. g. [20]).
In non-relativistic quantum mechanics, the solutions of the Schro¨dinger equation are invariant
under a global gauge transformation:
𝜓(𝑥) −→ 𝜓′(𝑥) = e𝑖𝑞𝜒𝜓(𝑥). (2.16)
Therefore, the resulting probability densities and expectation values of operators do not change by
such a transformation. This principle can be applied to describe the interaction between particles
when looking at local phase transformations, i. e.
𝜓(𝑥) −→ 𝜓′(𝑥) = e𝑖𝑞𝜒(𝑥)𝜓(𝑥). (2.17)
But the Dirac equation is not invariant under such a transformation. In order to make it invariant
under local transformations, a new covariant derivative needs to be introduced, that can be written as:
𝐷𝜇 ≡ 𝜕𝜇 + 𝑖𝑞𝐴𝜇, (2.18)
with a vector field 𝐴𝜇. This field transforms as:
𝐴𝜇 −→ 𝐴′𝜇 = 𝐴𝜇 − 𝜕𝜇𝜒. (2.19)
With this, the Dirac equation can be written as:
(𝑖𝛾𝜇𝐷𝜇 −𝑚)𝜓(𝑥) = 0 ⇒ (𝑖𝛾𝜇𝜕𝜇 −𝑚)𝜓(𝑥) = 𝑞𝛾𝜇𝐴𝜇𝜓(𝑥). (2.20)
The gauge field 𝐴𝜇 can be identified with the photon field coupling to a fermion with charge 𝑞.
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2.1.6 Quantum Electrodynamics (QED)
If local gauge invariance of the Dirac equation is claimed, a field is introduced that can be identified
with the electromagnetic field, through which this particle interacts ([21]).
The complete Lagrangian of QED is:
ℒ = 𝜓(𝑖𝛾𝜇𝐷𝜇 −𝑚)𝜓 − 14𝐹𝜇𝜈𝐹
𝜇𝜈 , (2.21)
with the electromagnetic field tensor:
𝐹𝜇𝜈 = 𝜕𝜇𝐴𝜈 − 𝜕𝜈𝐴𝜇. (2.22)
Gauge transformations can be described mathematically by gauge groups. In this case the group is
the 𝑈(1) (unitary group). The attempt to describe the strong and the weak force in a comparable
way turns out to be more complicated because a “simple” 𝑈(1) group does not have the adequate
properties. The solution arises when using higher symmetry groups and so it becomes possible to
model, for example the symmetry properties of (strong) colour interactions by 𝑆𝑈(3)5.
2.1.7 Quantum Chromodynamics (QCD)
In Quantum Chromodynamics, quarks can be described with help of quantum mechanical states 𝛹
that can be seen as a direct product of a state depending on time and space (Dirac spinor 𝜓(𝑥)) and
another state describing the colour charge properties (𝜒colour), i. e.:
𝛹 = 𝜓(𝑥)⊗ 𝜒colour. (2.23)
All known strong interactions can be described if three different colour charges (plus anti-colour
charges) are assumed. Formally, the colour parts of the resulting states can be written as:
𝜒red =
⎛⎝10
0
⎞⎠ 𝜒green =
⎛⎝01
0
⎞⎠ 𝜒blue =
⎛⎝00
1
⎞⎠ . (2.24)
The Dirac equation is required to be invariant under local 𝑆𝑈(3)C6 transformations. These
transformations can be written as:
𝛹 −→ 𝛹 ′ = exp
(︁
𝑖
𝑔s
2 𝛽𝑎(𝑥) 𝑡
𝑎
)︁
𝛹 (2.25)
(with a sum over all 𝑎 ∈ [1, 8]). The operators 𝑡𝑎 are the eight generators of 𝑆𝑈(3)C. To fulfil
the postulated invariance, eight vector fields need to be introduced. This leads to the Lagrangian
of QCD:
ℒ = 𝛹(𝑖𝛾𝜇𝐷𝜇 −𝑚)𝛹 − 14𝐺
𝑎
𝜇𝜈𝐺
𝜇𝜈
𝑎 , (2.26)
with:
𝐺𝑎𝜇𝜈 = 𝜕𝜇𝐺𝑎𝜈 − 𝜕𝜈𝐺𝑎𝜇 − 𝑔𝑠𝑓𝑎𝑏𝑐𝐺𝑏𝜇𝐺𝑐𝜈 , (2.27)
5special unitary group, 𝑈†𝑈 = 1, det𝑈 = 1
6The subscript C indicates that this group is meant to describe the transformation in colour space in contrast to the
also used 𝑆𝑈(3)F for transformations in flavour space.
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where 𝑓𝑎𝑏𝑐 are the structure constants of 𝑆𝑈(3). This Lagrangian contains all possible QCD
interactions. The fields 𝐺𝑎𝜇 can be combined to represent eight colour carrying gluons. One usual
method results in the following combinations of gluon colour charges:
𝑅𝐺, 𝑅𝐵, 𝐺𝐵, 𝐺𝑅, 𝐵𝑅, 𝐵𝐺, 𝑅𝑅−𝐺𝐺, 𝑅𝑅+𝐺𝐺− 2𝐵𝐵. (2.28)
One major difference to QED is the fact that gluons carry colour-charge and are able to interact with
one another making their behaviour very different from QED photon exchange. Fig. 2.1 summarises
the possible QCD interactions.
(a) (b) (c) (d) (e)
Figure 2.1: Summary of possible QCD interactions. (a) symbolises the propagation of a quark, (b) symbolises
the propagation of a gluon, (c) is the quark-gluon vertex, (d) is the three-gluon interaction, while
(e) is the four-gluon interaction. Adapted from [18].
Some mentionable aspects of QCD are: The decreasing of the coupling constant with increasing
energy scale (𝛼S(𝑀Z) ≈ 0.11, while 𝛼S(1 GeV) . 1), makes a perturbative approach difficult or
impossible (especially in the low energy regime). The gluon properties and the gluon-gluon coupling
lead to anti-screening and to asymptotic freedom of quarks. These properties result in confinement,
effectively allowing quarks to form mesons and baryons.
2.1.8 Electroweak Interactions
To describe the properties of weak interactions, more than one symmetry group has to be involved.
It turns out that a combination of two symmetry groups 𝑆𝑈(2)L × 𝑈(1)Y leads to a theoretical
description in agreement with observations. The subscript ‘L’ denotes that only left chiral fermions
couple on the resulting W bosons, ‘Y’ stands for the weak hypercharge that is defined as Y = 2(𝑄−𝑇3),
with 𝑄 = electric charge, 𝑇3 = third component of the weak isopin. This theory unifies the
electromagnetic and weak interactions, which is reflected in the fact that the gauge boson fields
can be written as linear combinations:
𝑊±𝜇 =
1√
2
(𝑊 1𝜇 ∓ 𝑖𝑊 2𝜇) (2.29)
𝑍𝜇 = −𝐵𝜇 sin 𝜃𝑊 +𝑊 3𝜇 cos 𝜃𝑊 (2.30)
𝐴𝜇 = 𝐵𝜇 cos 𝜃𝑊 +𝑊 3𝜇 sin 𝜃𝑊 , (2.31)
where the 𝑊 𝑎 stand for the three gauge fields of the 𝑆𝑈(2) and 𝐵 for the gauge field of 𝑈(1). The
angle 𝜃𝑊 is called Weinberg angle and needs to be determined by experiment. 𝑍𝜇 describes a boson
field that allowed to predict the existence of weak neutral currents.
One property of this theory is that all gauge bosons mentioned above are forced to be massless.
This is correct for the photon as the force carrier of the electromagnetic force but W and Z do have
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non-negligible masses, and it is not possible to simply add mass terms to the Lagrangian to describe
the masses, since it would break the gauge invariance. One way to handle this issue is to introduce
an additional Lagrangian depending on four scalar fields (𝜑𝑖) that allow a gauge symmetry breaking.
This leads to additional terms that can be interpreted as a field (the Higgs field) coupling to the W
and Z bosons generating their masses. The attempt is called the Higgs mechanism (e. g. [18]).
The complete Lagrangian of the electroweak interaction including the Higgs boson can be
written as:
ℒ = −14𝑊 𝜇𝜈 ·𝑊
𝜇𝜈 − 14𝐵𝜇𝜈𝐵
𝜇𝜈
{︃
W, Z, 𝛾 kinetic
energies and self-interaction
+ 𝐿𝛾𝜇
(︂
𝑖𝜕𝜇 − 𝑔12𝜏 ·𝑊 𝜇 − 𝑔
′𝑌
2 𝐵𝜇
)︂
𝐿
+𝑅𝛾𝜇
(︂
𝑖𝜕𝜇 − 𝑔′𝑌2 𝐵𝜇
)︂
𝑅
⎧⎪⎨⎪⎩
lepton and quark kinetic energies
and their interactions
with W, Z, 𝛾
+
⃒⃒⃒⃒(︂
𝑖𝜕𝜇 − 𝑔12𝜏 ·𝑊 𝜇 − 𝑔
′𝑌
2 𝐵𝜇
)︂
𝜑
⃒⃒⃒⃒2
− 𝑉 (𝜑)
⎧⎪⎨⎪⎩
W, Z, 𝛾, Higgs
masses and coupling
and the Higgs potential
− (︀𝐺1𝐿𝜑𝑅+𝐺2𝐿𝜑𝑐𝑅+ h. c.)︀ . {︃lepton and quark massesand coupling to Higgs
Here 𝐿 represents the left handed fermion doublet and 𝑅 the right handed fermion singlet, 𝑔 and 𝑔′ are
the coupling constants of the electroweak interactions, 𝜑𝑐 = −𝑖𝜏2𝜑 (𝜏2 is the second Pauli-Matrix),
𝜑 is the Higgs isospin doublet and 𝐺1, 𝐺2 are mass coupling constants. This Lagrangian shows the
massless bosons, their interaction with the fermions, the Higgs mechanism, attaching the mass to
the bosons, and finally the mass terms of the fermions (assuming neutrinos are Dirac fermions).
The discovery of the Higgs boson in the year 2012, performed independently by the two multi-
purpose experiments CMS and ATLAS, once more demonstrated the power of the theory, as
its existence has been predicted almost 50 years before ([3, 4]). Even more, the measured
mass of approximately 126 GeV lies within theoretical bounds and limits resulting from previous
measurements (e. g. [22]).
2.1.9 Parton Distribution Functions
Although the methods given above allow to describe the interaction between quarks and gluons
(partons), the structure of hadrons, resulting from the confinement, makes it impossible to directly
predict the outcome of the interaction of two (or more) protons. Protons consist of three valence
quarks but in general a large number of quark-anti-quark pairs can emerge from the gluon field inside
the proton, effectively making it possible to also measure contributions from other than the valence
quarks. In addition, when considering large momentum transfers, a significant fraction of gluons can
be found inside the proton. The probability of finding a quark of a given type or a gluon (a parton)
depends on the energy scale of the interaction and the fraction of the proton’s momentum that parton
is carrying. Dedicated lepton-hadron colliders (e. g. HERA at DESY) allowed to “scan” the proton,
and empirically model those probabilities in Parton Distribution Functions (PDFs).
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In general, the probability of finding a parton p𝑖 in the proton, depends on the momentum
transfer of the process 𝑄2 and on the parton’s fraction 𝑥𝑖 of the total proton momentum in its
rest frame: 𝑓𝑖
(︀
𝑥𝑖, 𝑄
2)︀. If the partonic cross section 𝜎 (︀p𝑖p𝑗 → 𝑋)︀, where 𝑋 is a given final state, is
known, the total cross section of two protons scattering into that final state can be factorised to:
𝜎(PP→ 𝑋) =
∑︁
𝑖,𝑗
1∫︁
0
1∫︁
0
d𝑥𝑖 d𝑥𝑗𝑓𝑖
(︀
𝑥𝑖, 𝑄
2)︀ 𝑓𝑗 (︀𝑥𝑗 , 𝑄2)︀𝜎 (︀p𝑖p𝑗 → 𝑋)︀ , (2.32)
where 𝑖, 𝑗 run over all partons contributing to the given process and 𝑥𝑖, 𝑥𝑗 are the proton-momentum
fractions of the incoming partons.
Once the PDFs are known at a given scale 𝑄20, the DGLAP7 evolution equations allow to
extrapolate the PDFs to a given scale 𝑄2 ̸= 𝑄20. Since the form of the PDFs (𝑓𝑖
(︀
𝑥,𝑄20
)︀
) cannot
be derived from basic principles, suitable functions are fitted by different analysis groups, to
experimental data acquired from dedicated experiments. Mainly the results of the three groups
CTEQ8, MSTW9and NNPDF10 are used in the production of Monte-Carlos samples at CMS (cf.
Sec. 6.2.2) and for reweighting purposes (cf. Sec. 6.3.7).
To give an impression of the form of PDFs, an example result from the MSTW group is presented
in Fig. 2.2. More details on PDFs can be found e. g. in [26].
Figure 2.2: Example PDFs of a proton at 𝑄2 = 10 GeV2 (left) and 𝑄2 = 104 GeV2 (right). The actual PDFs
(𝑓𝑖
(︀
𝑥,𝑄20
)︀
) are additionally scaled by the momentum fraction 𝑥. The distribution for gluons
(g in red) has been divided by a factor of 10 for better presentation ([27]).
7Dokshitzer–Gribov–Lipatov–Altarelli–Parisi
8Coordinated Theoretical-Experimental Project on QCD ([23])
9Martin-Stirling-Thorne-Watt Parton Distribution Functions ([24])
10Neutral Network Parton Distribution Functions ([25])
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2.2 Beyond the Standard Model
As mentioned before, the SM alone cannot describe all phenomena in particle physics. Some
observations will be discussed below and two theoretical solutions will be presented, relevant for
this analysis.
Different cosmological observations, e. g. the rotation speed of galaxies ([28]) or the detailed
measuring of the cosmological microwave background (e. g. [29]) suggest that there is a significant
amount of Dark Matter (about 23 %) and Dark Energy (about 72 %) while “normal” matter (as
described by the SM) only represents about 4 % of the total energy density in the visible universe.
Another flaw of the existing theory is the Higgs mass itself. From basic theoretical assumptions, it
would be “natural” that the mass of a scalar particle lies in the order of the Planck scale (1019 GeV)
([30]). However, the measured Higgs mass is orders of magnitude smaller, so that in order to restore
its value in theoretical calculations, a very precise fine-tuning of parameters is needed, which appears
to be unnatural. This is known as the hierarchy problem.
In the current understanding of the SM, the electromagnetic and weak forces can be unified in a
𝑆𝑈(2)L × 𝑈(1)Y symmetry group, while the QCD interactions are described with help of a 𝑆𝑈(3)
group. As a consequence of the unification of electric and magnetic and later the weak forces, some
theoretical models demand the additional unification of the strong force11, leading to the Grand
Unified Theory (GUT). However, a unification of the forces cannot be described by the SM alone, so
that additions or modifications would be needed to obtain it.
These and more aspects have led to a large number of theories and models beyond the SM,
introducing new particles or couplings, which might be accessible at the LHC. Two of these models
with very different properties and signatures have been chosen to serve as benchmark points for the
presented analysis and will be discussed below.
2.2.1 Supersymmetry
One, in a sense, elegant type of solution to some of the problems mentioned above arises, when an
additional symmetry is claimed: Supersymmetry (SUSY). In this theory, every particle of the SM
receives a supersymmetric partner with the same quantum numbers but with a difference in spin
of 12 . However, this symmetry must be broken in some way because the SUSY particles have not
been observed until today, which indicates that they have considerably higher masses.
A new quantum number, called 𝑅-parity, can be introduced, which is typically claimed to be
conserved, in order to explain the lifetime of the proton. It is constructed in a way that SM and
BSM particles have opposite values of 𝑅. If 𝑅 is conserved, SUSY particles can only be produced
(and annihilate) in pairs, and the (consequently stable) LSP12 would be a natural candidate for Dark
Matter.
The fine-tuning or hierarchy problem could be solved with help of SUSY. The additional SUSY
particles would introduce terms in the Higgs mass calculation that would naturally cancel with those
from the SM, bringing the Higgs mass to the known value, simultaneously increasing the number of
needed Higgs-boson-like particles to five.
Grand unification can also be reached with certain models of SUSY. More details on the aspects
of SUSY can be found e. g. in [30].
11And even further also of the gravitational force, leading to the Theory of Everything
12Lightest Supersymmetric Particle
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The MSSM13, a SUSY scenario that allows to solve these problems, introduces more than 100
free parameters that need to be determined experimentally. An additional simplification, known as
mSUGRA14 allows a reduction of the number of free parameters to five:
• 𝑚0: Mass of spin=0 particles at the GUT scale.
• 𝑚1/2: Mass of spin=12 particles at the GUT scale.
• 𝐴0: Unified trilinear sfermion-sferminon-Higgs coupling at the GUT scale.
• tan𝛽: Ratio of the vacuum expectation values of the two Higgs fields at the electroweak scale.
• sgn𝜇: Sign of the unified higgsino mass term at the electroweak scale.
These parameters allow to define benchmark points for potential SUSY scenarios, that still can vary
strongly, depending on the values of the parameters.
SUSY particles produced in this kind of scenario decay in cascades, producing SM particles as
well as additional SUSY particles, eventually resulting in the decay to the LSP (assuming conserved
𝑅-parity). Thus, the expected signatures contain a large number of highly energetic SM particles
and missing transverse energy, as the LSP does not interact in the detector. An example is shown
in Fig. 2.3.
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Figure 2.3: Example of an mSUGRA decay chain from the LM0 scenario. The decay products are one muon
(red), at least three jets (blue) (the W’s can also decay leptonically), the neutrinos and LSPs
(green), causing missing transverse energy.
2.2.2 Heavy Vector Bosons
In principle, there is no fundamental constraint on the number of gauge bosons (in the SM). The
four gauge bosons together with the Higgs boson can be identified as force carriers, but in principle
it is conceivable that more (vector) bosons exist in nature. Thus, one possible extension of the SM,
is at least one additional vector boson, significantly heavier than the already known. More details
on the model can be found in [31].
In the simplest versions of this extension, this boson, called W′ has similar properties to the
SM equivalent W and represents, in a sense, a “carbon copy” of the SM boson with very similar
production and decay chains. In this simplified case, the cross section only depends on the mass of
13Minimal Supersymmetric extension of the Standard Model
14minimal SUper GRAvity
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the new boson. Also the decay is assumed to be similar to that of the SM equivalent, i. e. into one
lepton and one neutrino (and missing transverse energy) or two quarks. Consequently, deviations
from this kind of new physics are expected only in a small number of final states.
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The LHC and the CMS Detector
Many theories that have been developed in the last decades predict new physical phenomena to appear
at high-energy scales. The predictions are diverse and can manifest themselves as (one or more)
resonantly produced particles with masses from several GeV up to several TeV (e. g. SUSY, heavy
gauge bosons, etc.), but also as non-resonant effects, causing modifications in the (differential) cross
sections in predefined search channels. (e. g. LED1). Since the maximally realisable centre-of-mass
energy of circular electron-positron colliders is limited by radiation losses2, either heavier particles
or a linear collider design must be chosen to reach the desired energy of 𝒪 (TeV). One solution
is using protons and antiprotons (as has been done at Tevatron), allowing to significantly reduce
the bremsstrahlung losses3, while simultaneously making it possible to use the same acceleration
structure (same polarisation of magnetic field due to oppositely charged particles revolving in opposite
directions). However, the luminosities reachable with this method are limited by the challenging
production of antiprotons. Thus, the LHC4 has been designed to use two proton beams colliding
with a nominal centre-of-mass energy of 14 TeV. A more detailed overview of the LHC will be given
in Sec. 3.1.
Several high-energy collision detectors are located in the LHC ring, built to analyse the proton-
proton collisions. The two largest, CMS5 and ATLAS, are designed as multi-purpose detectors,
allowing a wide range of applications including detailed analyses of proton-proton and heavy ion
collisions. ALICE6 is specially designed to reconstruct events from heavy ion collisions, while LHCb
is optimised to reconstruct events containing bottom-quarks (single arm forward spectrometer). An
overview of the CMS detector and its components will be given in Sec. 3.2.
The data recorded with CMS and simulated events from MC generators must be processed and
reconstructed. These and many other tasks are performed by a dedicated software framework
called CMSSW. It will be described in Sec. 3.3.
The proton-proton collision rate at the two multi-purpose detectors CMS and ATLAS is designed
to be in the order of 40 MHz. Even after the pre-selection with help of the various trigger stages
(cf. Sec. 3.2.7), the rate of events written to permanent storage is large (𝒪 (100 event/s)). To allow
distributed storage and analysis of the saved events, the WLCG7 has been developed, which will be
described shortly in Sec. 3.4.
3.1 LHC
This section gives an overview of the LHC and it’s components. All information has been extracted
from [19, 32–35].
1Large Extra Dimensions
2Radiation loss ∆𝐸 ∼ 1
𝑅
(︀
𝐸
𝑚
)︀4, with 𝑅 the bending radius of the accelerator, 𝐸, 𝑚 energy and mass of the accelerated
particle.
3Protons are approximately 2000 times heavier than electrons.
4Large Hadron Collider
5Compact Muon Solenoid
6A Large Ion Collider Experiment
7Worldwide LHC Computing Grid
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The LHC has been built into the tunnel of the former electron-positron collider LEP8 close to
Geneva, Switzerland. The tunnel has a circumference of 26.7 km and is located between 45 m and
170 m underground, as depicted in Fig. 3.1a. The usage of the same type of particle (i. e. with
same-sign charges) makes it necessary to use two beams, which is schematically shown in Fig. 3.1b.
(a) Underground schematic of the LHC (and SPS9) with the
four major experiments ([32]).
(b) Layout of the LHC beams with highligted
injection, interaction and beam dumping
points ([33]).
Figure 3.1: Sketch of the LHC storage ring and of the proton beams inside the ring.
The protons in either beam are deflected with help of 1232 superconducting dipole magnets that
each can create a peak dipole field of up to 8.4 T. Since protons in both beams have the same
electric charge, they must be deflected with magnets with opposite polarisation. Due to the limited
space inside the tunnel, a “two-in-one” solution has been chosen, which is illustrated in Fig. 3.2. The
bending power of these magnets limits the beam energy to 7 TeV.
Due to technical limitations in the acceleration process, the proton beams cannot be directly
injected into the main LHC storage ring, but rather have to be accelerated in several steps. The
different accelerators at CERN, including the LHC (pre-)acceleration chain, are shown in Fig. 3.3.
Protons are created by ionisation from hydrogen, and get accelerated to 50 MeV in the Linac2, a
linear accelerator. The PSB10 is then filled with these protons, where they are further accelerated to
1.4 GeV, while the bunches are compressed to 190 ns. Then the bunches are injected into the PS11,
split up and further accelerated to 25 GeV. After compressing the bunches to 4 ns, they are filled
into the SPS, where they reach the LHC injection energy of 450 GeV. Eventually, in the main LHC
ring, the protons are accelerated to the maximum beam energy.
8Large Electron-Positron Collider
9Super Proton Synchrotron
10Proton Synchrotron Booster
11Proton Synchrotron
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(a) Schematic cross-section of the beam-pipe ([34]). (b) Simulation of the magnetic flux within the
dipole. The peak magnetic flied of more than
8 T is reached inside the innermost part of the
dipole ([35]).
Figure 3.2: Schematics of the beam-pipe, including the twin-bore dipole magnets used in the LHC.
Figure 3.3: CERN’s accelerator complex (including the injection and acceleration chain of the LHC) (adapted
from [36]).
20 Chapter 3 The LHC and the CMS Detector
3.1.1 Instantaneous Luminosity
Besides the centre-of-mass energy, the instantaneous luminosity is one of the key properties of a
collider. The number of events per time unit of any given process is given by:
?˙?process = ℒ · 𝜎process, (3.1)
where 𝜎process is the cross section of the given process (which will, in general, depend on different
factors like the centre-of-mass energy etc.) and ℒ is approximately given by ([19]):
ℒ = 𝑓R 𝑁
2
b 𝑛b
4𝜋 𝜎𝑥 𝜎𝑦
, (3.2)
where 𝑛b is the number of bunches per proton beam (design value: 2808), 𝑁b is the number of
protons per bunch (with a design value of approximately 1011), 𝑓R is the revolution frequency of each
bunch12, 𝜎𝑥, 𝜎𝑦 are the horizontal and vertical widths (RMS) of the beams at the interaction point
(with design values of about 17 µm) (all values taken from [35]).
The peak instantaneous luminosity is designed to be as high as 10 Hz/nb at the interaction points
of the two multi-purpose detectors ATLAS and CMS, up to 0.1 Hz/nb at the interaction point of
the LHCb-experiment and up to 1 Hz/mb for heavy-ion collisions at the interaction point of the
ALICE-detector ([34]).
Several effects cause the luminosity to drop over time. The dominant ones are the proton-proton
interactions, intra-beam scattering and scattering on residual beam gas ([34]). The luminosity lifetime
of the proton beams is in the order of 15 h.
3.2 CMS
The Compact Muon Solenoid has been designed and constructed as a multi-purpose detector,
particularly for the detection and recording of proton-proton collisions at the LHC. The particle fluxes
expected from proton collisions and the high collision rates make it essential to construct a detector
with high granularity, good time resolution and a large number of readout channels. A coverage of
nominally the whole solid angle around the proton interaction point is highly desired to allow a good
missing transverse momentum measurement and resolution, as new physics could show up there. To
fulfil these requirements, a cylindrical structure of the detector has been chosen, composed of five
wheel-like structures, called barrel, and two disc-like endcaps. In the final configuration, the detector
has a diameter of 14.6 m and a total length of 21.6 m. A schematic view of CMS is presented in
Fig. 3.4.
The major components of the CMS detector as well as the used reconstruction algorithms will be
described in the following sections. All information has been extracted from [37–55].
3.2.1 Coordinate System
A common coordinate system is used for detector geometry and reconstruction matters in CMS; it is
defined as follows: The point of origin lies in the (nominal) interaction point (centre of the detector).
The 𝑥-axis points to the centre of the LHC ring, the 𝑦-axis points vertically upwards, the 𝑧-axis
points along the beam-pipe. The angle 𝜑 is measured in the 𝑥− 𝑦-plane, while the angle 𝜃 is defined
12𝑓R = 𝑐𝐿LHC ≈ 11 233 Hz, where 𝐿LHC is the circumference of the LHC ring and 𝑐 is the speed of light.
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Figure 3.4: Schematic drawing of the CMS detector with its major components ([37]).
between any vector (e. g. a momentum or position vector) and the 𝑧-axis (i. e. the beam line). In
addition, 𝜃 is translated into the pseudorapidity 𝜂:
𝜂 = − ln tan
(︂
𝜃
2
)︂
, (3.3)
which has the range [−∞,∞] and is closely related to the rapidity 𝑦 in special relativity13.
3.2.2 Tracking System
To cope with the high particle rates and to simultaneously allow a high spatial resolution and
granularity, silicon has been chosen to build the tracker . The working principle of the tracker
components is that of a semi-conductor diode with reverse voltage applied (cf. Fig. 3.5a). Traversing
ionising particles give rise to electron-hole pairs in the depleted silicon volume, which leads to a
measurable electric pulse at the diode contacts. The readout anodes are sub-divided into pixels or
strips, which allows a precise position determination of the traversing particle.
A schematic overview of all CMS tracker components can be found in Fig. 3.6.
3.2.2.1 The Pixel Detector
The Pixel Detector is the (active) detector component located closest to the nominal interaction
point with radii between 4.4 cm to 10.0 cm. It comprises three cylindrical layers and two disk-like
modules at both ends (cf. Fig. 3.5b) built from silicon layers with anodes sub-divided into pixels.
In this configuration, it has a geometrical coverage of up to |𝜂| < 2.5 and allows a spatial resolution
of 15 µm to 20 µm. The segmentation into pixels allows to simultaneously measure all three spatial
coordinates but also implies a large number of readout channels.
13Differences in rapidity are Lorentz invariant.
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undepleted E ~ 0
depleted
ionizing particle track
p+- implant ( - 300 V)
n+- pixel implants
holes
electrons
B - Field ( 4 T )
Silicon(p-type)E>0
(a) Schematic view of a silicon layer of the
tracker. A traversing ionising particle creates
electron-hole pairs that drift to the terminals
causing electrical signals. The charge
carriers are deflected by the magnetic field.
The deflection angle (Lorentz angle) must
be taken into account when reconstructing
tracks ([38]).
(b) Layout of the three barrel layers and two endcaps of the
innermost pixel detector ([40]).
Figure 3.5: Working principle of a silicon layer used in the tracker and a schematic view of the components
of the pixel tracker.
3.2.2.2 The Silicon Strip Tracker
The outer parts of the CMS tracker consist of silicon micro-strip devices. The lower occupancy
(particles per solid angle) allows to reduce the granularity, and thus the number of readout channels
and the construction cost. To still allow for the reconstruction of all three spatial coordinates, the
strip modules are arranged under a small angle to each other.
The strip tracker is composed of several cylindrical and disc-like components (cf. Fig. 3.6) with
decreasing granularity with single hit resolutions of 23 µm to 53 µm depending on the component.
The transverse momentum resolution of the tracker can be written as14 ([38]):
∆𝑝T
𝑝T
≈ 𝑎 𝑝TTeV ⊕ 𝑏, (3.4)
with 𝑎 = 15 % to 60 %, depending on the 𝜂-region and 𝑏 = 0.5 %.
3.2.3 Electromagnetic Calorimeter
High-energy charged particles (especially electrons and photons) interact electromagnetically with
the material they traverse, potentially creating new particles (electrons and photons), causing a
shower of particles inside the material. Some materials (scintillators) produce (visible) light with an
intensity proportional to the deposited energy of the incoming particle. These principles are used to
detect and measure electrons and photons in the Electromagnetic Calorimeter (ECAL) in CMS. The
ECAL is located immediately outside the tracker.
Lead tungstate (PbWO4) crystals have been chosen in CMS, since the material is a fast inorganic
scintillator, has a high density and a high nuclear charge15 and is still transparent to its own
scintillation light.
14With the notation: 𝛼⊕ 𝛽 =√︀𝛼2 + 𝛽2.
15Resulting in a short radiation length of 8.9 mm and a small Molie`re radius of 22 mm ([40]).
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Figure 3.6: Drawing of the tracker components in the 𝑟 − 𝑧-plane. The CMS tracker consists of several
structures: The innermost is the Pixel Detector (cf. Fig. 3.5), the outer components are: Tracker
Inner Barrel (TIB), Tracker Inner Discs (TID), Tracker Outer Barrel (TOB), Tracker Outer
End Caps (TEC) ([37]).
The ECAL is in principle composed of a barrel and an endcap region (cf. Fig. 3.7). The size of
the lead tungstate crystals has been chosen to be ∆𝜂 × ∆𝜑 = 0.0175 × 0.0175 in the barrel region
and larger in the endcaps: ∆𝜂×∆𝜑 = 0.05× 0.05 in order to achieve better granularity in the barrel
region ([39]).
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Figure 3.7: Section through the ECAL showing the different components. Adapted from [40].
Additionally, the ECAL Preshower detector has been installed in the endcap regions, which has a
higher granularity, allowing a better identification of 𝜋0’s that can decay into two photons, and thus
be potentially misreconstructed as one highly energetic photon. The preshower detector is designed
as a sampling calorimeter with two layers.
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The components of the ECAL cover the geometrical range of |𝜂| < 3.0. The energy resolution of
the ECAL has been found to be ([40]):
∆𝐸
𝐸
= 𝑆√︀
𝐸/GeV
⊕ 𝑁
𝐸/GeV ⊕ 𝐶, (3.5)
with the stochastic term 𝑆 ≈ 2.8 %, the noise term 𝑁 ≈ 12 % and the constant term 𝐶 ≈ 0.3 %.
3.2.4 Hadronic Calorimeter
In the Hadronic Calorimeter (HCAL) showers of particles are produced caused by nuclear reactions
rather than electromagnetically. The energy deposit is measured with help of scintillation light,
caused be the secondary particles. The HCAL is crucial in the measurement of the energy of
hadronic jets, which in turn is important for the precise determination of missing (transverse) energy
in every event, caused by e. g. neutrinos or unknown particles not interacting inside the detector
(cf. Sec. 3.2.8.6). The HCAL surrounds the ECAL, is almost hermetic and covers the geometric
region up to |𝜂| < 5.0. An overview is given in Fig. 3.8.
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Figure 3.8: Cross-section view of the CMS detector to show the components of the HCAL. Adapted from [40].
The HCAL is composed of several different components that are of different design, optimised
for the detection and measurement of charged and neutral hadronic particles. The Hadron Barrel
(HB) is a cylindrical structure built as a sampling calorimeter, consisting of alternating layers of
brass absorbers and scintillating tiles with incorporated wavelength-shifting fibres that are read
out with help of Hybrid Photo Diodes. It extends up to |𝜂| < 1.3 and has a segmentation of
∆𝜂 × ∆𝜑 = 0.087× 0.087. The Hadron Endcaps (HE) are disk-like structures that work in a similar
way as the HB. They extend up to |𝜂| < 3.0 and have a segmentation in ∆𝜂 × ∆𝜑 in the range of
0.087×0.087 to 0.17×0.17. The Hadron Forward (HF) uses steel absorbers and quartz fibres as active
medium, to handle the very high particle rates in the forward region (|𝜂| < 5.0). The Hadron Outer
(HO) is an additional layer in the barrel region outside the Solenoid (cf. Sec. 3.2.5) that consists
of scintillating material, read out with help of wavelength-shifting fibres. It has been installed to
measure (hadronic) particles that have not been absorbed in the calorimeters (before reaching the
muon system).
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Including the HO, the whole calorimetric system of CMS has a minimum of 11.8 interaction lengths
and a resolution of ([41]):
∆𝐸
𝐸
≈ 100 %√︀
𝐸/GeV
⊕ 4.5 % (3.6)
in the energy range 30 GeV < 𝐸 < 1 TeV.
3.2.5 Magnet System
A superconducting Solenoid with 6 m length and 12.5 m diameter is used in CMS. It is situated
directly outside of the HB (but in front of the HO), reducing the amount of matter, particles have to
traverse before reaching the calorimeters. This magnet creates a magnetic field of 3.8 T, effectively
storing 2.6 GJ of energy, yet being “thin” (∆𝑅𝑅 ≈ 0.1) (cf. Fig. 3.9). A 10 000 t iron yoke in form of
the five wheels and two endcaps of CMS is used to return the magnetic flux.
Figure 3.9: Artist’s impression of the Solenoid used in CMS ([37]).
3.2.6 Muon System
The outermost detector subsystem in CMS is the muon system. It has been designed with the
goal to clearly identify muons, determine their charge and precisely measure their momenta over a
wide momentum range. Different theories (including the Higgs mechanism) predict reactions with
high-energy muons in the final state, so that a powerful and reliable muon system is needed.
The CMS muon system consists of a barrel part and two endcaps. In the barrel, the muon detection
and measurement is performed with help of Drift Tube Chambers and Resistive Plate Chambers, while
Cathode Strip Chambers and Resistive Plate Chambers are used in the endcaps. The working principle
of these components will be described below.
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3.2.6.1 Drift Tube (DT) Chambers
A cross-section view of one CMS wheel with focus on the DTs is shown in Fig. 3.10. The Drift Tube
Chambers are mounted inside the iron-yoke wheels of the barrel part of CMS. Each of the four layers
of the DTs effectively forms a concentric cylinder.
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Figure 3.10: Schematic view of one of the CMS wheels. Special focus is given here to the DT chambers. The
chambers are labelled according to: MB/wheel/station/sector. The return yoke (in red) is also
clearly visible here (adapted from [37]).
Each DT chamber consists of three Superlayers (SL) (except the outermost chambers labelled
MB4, where only two SLs are used), where the middle SL is rotated by 90°. The rotated Superlayer
is called 𝜃 SL, the other two are called 𝜑 SL. A schematic view of one DT chamber and its components
is given in Fig. 3.11a.
Each SL is made of four layers of drift cells, which are the actual sensitive devices. The working
principle of a drift cell is shown in Fig. 3.11b. The cells are filled with a mixture of Ar/CO2
(85 %/15 %) and a high-voltage is applied to the field-forming anodes and the readout anode wire
inside each cell. A charged particle traversing this gas volume will ionise the gas molecules and, due
to the present electric field, electrons will be accelerated towards the anode wire. Close to the anode
wire, the field strength increases, and the electrons are further accelerated. Thus, the gas is further
ionised causing an avalanche effect that creates enough electrons to be measured as an electrical
signal.
The DT chambers cover the geometrical region of |𝜂| < 1.2 and reach a spatial resolution of
about 100 µm.
3.2.6.2 Cathode Strip Chambers (CSC)
The higher particle rates and the strongly inhomogeneous magnetic field in the forward region of CMS
require a different type of muon detector in the endcaps. Cathode Strip Chambers have been chosen
for this purpose. A schematic overview of the CSCs is shown in Fig. 3.12a. CSCs are trapezoidal
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(a) Sketch of one Drift Tube chamber. The three
Superlayers (SL) with their drift cells are shown. The
𝜃-SL is rotated by 90 ° with respect to the beam line.
The RPCs are also visible (cf. Sec. 3.2.6.3). Adapted
from [37].
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A traversing muon ionises the gas inside the volume,
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Adapted from [37].
Figure 3.11: Schematics of Drift Tube Chambers.
multi-wire proportional chambers made of seven anode wire planes (in azimuthal direction) and fan-
shaped cathode strips in between (in radial direction). The gaps between the different layers are
filled with a gas mixture and a high voltage is applied to the anodes and cathodes.
wire plane (a few wires shown)
ipscathode plane with str
7 trapezoidal panels form 6 gas gaps
(a) Schematic of one CSC,
showing the segmentation of
the cathodes and the anode
wires (adapted from [40]).
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(b) Working principle of a CSC. A traversing muon triggers
an avalanche on the anode wire that induces charge on
the cathodes. Due to the segmentation, a track can be
reconstructed with high precision in both coordinates (adapted
from [42]).
Figure 3.12: Schematics and operating principle of a CSC.
Similarly to the DT chambers a traversing ionising particle will give rise to electrons and ions in
the gas. Electrons accelerated towards the anode wires will develop an avalanche on one hand, and
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will induce a charge distribution on the cathode strips on the other hand. The segmentation allows
to interpolate the track position from the collected charge fractions, making it possible to measure
both coordinates with one module (cf. Fig. 3.12b).
CSCs are located in the endcaps and cover the geometrical range of 0.9 < |𝜂| < 2.4 and reach a
spatial resolution of better than 50 µm.
3.2.6.3 Resistive Plate Chambers (RPC)
The design bunch crossing interval of 25 ns of the LHC (and even less in potential extensions of
the LHC) makes it necessary to have a fast detector that allows to assign each reconstructed muon
track unambiguously to a particular bunch crossing. Resistive Plate Chambers have been selected for
this task, since they allow for a time resolution that is significantly below the interval of the bunch
crossings. RPCs are made of two gas-filled 2 mm wide gaps positioned in between bakelite plates
that are attached to the high-voltage electrodes. Between these structures, aluminium readout-strips
are placed. The set-up is shown in Fig. 3.13.
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Figure 3.13: Cross-section view of an RPC. A traversing particle creates an avalanche in the gas-filled volume,
the moving charge carriers induce a signal on the readout strips. Adapted from [40].
A traversing charged particle triggers an avalanche inside the gas and the drift of the created charge
carriers induces a “fast charge” on the pick up electrodes, which allows the fast readout. Double-gap
RPCs allow operations at lower voltage and assure a higher efficiency in comparison to single-gap
RPCs.
RPCs have a time resolution of about 3 ns, which is primarily determined by the gap width. They
are mounted in both, barrel and endcaps, to trigger muons. They are mounted in parallel to the
beamline in the barrel and perpendicular to the beamline in the endcaps.
3.2.6.4 Muon Momentum Resolution
The momentum resolution as a function of the muon momentum ∆𝑝T𝑝T (𝑝T) in the muon system alone
is in the range of about 8 % to 40 % depending on 𝜂-region and on the 𝑝T of the muon ([56]). It can
be strongly improved when taking tracker information into account, which is shown in Fig. 3.14.
3.2.7 Trigger
With the nominal bunch crossing rate of the LHC of 40 MHz, the number of events in CMS is too
large for all events to be recorded permanently. It is not only technically infeasible to keep all events
but also not necessary from the physics point of view as most of the events found in CMS will show
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Figure 3.14: Expected muon transverse momentum resolution as a function of the muon transverse
momentum using the muon system only, the inner tracking only, and both ([56]).
nothing but instrumental noise or simply will be uninteresting (e. g. elastic scattering of protons).
Therefore, a fast and reliable, but also flexible, trigger system is needed. In CMS, a hardware-based
Level 1 trigger has been installed that decides whether or not to read out the full detector information
which is complemented by a High Level Trigger that is fully software based and only involved if the
event has been accepted at Level 1. The working principle of both trigger stages will be described
below.
3.2.7.1 Level 1 Trigger (L1)
The L1 trigger analyses every bunch crossing and decides whether to further process or permanently
discard an event. It uses regional and global detector entries to perform rudimentary object
reconstructions (e. g. muon tracks) and energy sums (e. g. sum of transverse energy deposited in
the calorimeters). Information from all muon sub-systems and all calorimeters is used to perform
the decision. The tracker is not read out at L1. The architecture of the L1 trigger is summarised in
Fig. 3.15.
The goal of the L1 trigger is to reduce the event rate to be processed by the HLT to roughly 100 kHz.
The L1 trigger has a latency of 3.2 µs. For any given bunch crossing, this is the time the trigger
hardware/firmware has to make a decision on whether or not to keep the data from that bunch
crossing (event). If the decision is to keep the event, the full detector information is read out
(including the tracker) and passed to the High Level Trigger computing farm for further processing.
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Figure 3.15: Architecture of the Level-1 trigger. Adapted from [37].
3.2.7.2 High Level Trigger (HLT)
In the HLT all information from all detector parts is available for each event that passed the
L1 trigger. In the HLT step, a more sophisticated object and event reconstruction is performed,
involving the tracker information, so that e. g. tracker tracks can be matched to muon or electron
candidates. Thresholds on momentum, isolation, etc. as well as quality criteria are applied to the
object candidates to decide whether or not to keep the event.
The HLT is implemented as a set of lists of EDM16 modules (HLT paths, cf. Sec. 3.3), which
can be easily adapted to changing run conditions. Each HLT path checks the event for different
properties, e. g. if there is a muon above a certain momentum and fulfilling given quality criteria or
if the amount of energy in the calorimeters has exceeded a given threshold, etc. If any of the HLT
paths gives a positive decision, the event is stored. The HLT paths are grouped by their physical
content (e. g. single muon triggers, double electron triggers, etc.). Events passing any of the triggers
in one of the HLT groups, are consequently stored in one common data stream (i. e. in the same
block of .root files). One and the same event can pass several different HLT triggers from different
groups (e. g. single muon and single electron trigger). Such an event will be stored once per trigger
group.
Often (e. g. for validation, low energy analyses etc.) it is desired to keep events triggered by
particles with (very) low momentum or other rather loose quality criteria. For these purposes, each
HLT path (but also L1 path) can be prescaled by some factor 𝑛. This means that only one of 𝑛 events
fulfilling the trigger criteria (of a given path) is actually stored. The prescale factors are increased,
when the run conditions change, e. g. when the instantaneous luminosity rises and the trigger rates
become too large for a given path (e. g. because the momentum threshold is too low).
16Event Data Model
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In general, the set of available HLT paths is adjusted to the given instantaneous luminosity, to
keep the trigger rates at an optimum17. Different methods are used to achieve this. The momentum
thresholds can be increased on one hand and additional criteria on the triggering objects can be
applied on the other hand.
HLT paths that are available in any given CMS run are defined in the HLT menu (or configuration)
(cf. e. g. [57]). Every HLT menu also defines a list of possible prescale factors in the prescale columns,
which are optimised for one given instantaneous luminosity, but can also cope with other luminosities.
The prescale factors can be adapted because in a typical CMS run, which can last several hours, the
luminosity conditions will change (the instantaneous luminosity decreases over time cf. Sec. 3.1.1).
The used menu can only be changed between CMS runs (depending on the run conditions), while
the prescale factors can change between two Luminosity Sections (LS)18 ([57]).
The goal of the HLT is to reduce the rate of events written to the mass storage. Due
to several upgrades and improvements in the computing systems this rate could be raised to
roughly 100 kHz ([59]).
3.2.8 Reconstruction
The signals provided by the different detector parts must be translated into physical information
describing the underlying collision. The goal is to create an as complete as possible description of
the final state resulting from the collision and in the best case allowing to conclude on the involved
physical process.
Dedicated algorithms have been developed, to reconstruct all kinds of physical objects (electrons,
muons, photons, mesons, missing energy, interaction vertices etc.) from the raw data delivered by
the detector and its electronics. Usually, the full reconstruction is performed centrally for each event
after the event successfully passed all trigger stages (cf. Sec. 3.2.7). Each analysis has the possibility
to select only a desired subset of the reconstructed events that is crucial for that analysis19.
The reconstruction algorithms for the most important objects in the MUSiC analysis will be
described in short below.
3.2.8.1 Tracking
A charged particle traversing the tracker material will, in general, give rise to a number of ionisation
processes in the pixel and strip detectors in CMS (cf. Sec. 3.2.2). Since the charge arising from
one particle traversing one active layer will be distributed over several pixels or strips, different
algorithms have been developed to compose one geometrical position from this information, which is
called hit. In different combinations, hits in the inner layers of the CMS tracker are used to create
a first estimate (seed) of the particle’s trajectory. A Kalman-Filter ([43]) is used to extrapolate the
seed to the next layers accounting for the magnetic field and the material budget inside the tracker.
In every layer, if a hit is found close to the extrapolated position, the track is updated and so on.
Once a track has been reconstructed successfully, a fit over all found hits is performed. If two tracks
share too many hits, the track with fewer hits (or that with the larger 𝜒2 if the number of hits is the
same) will be removed.
17In normal run conditions it is desired to use as much of the available bandwidth as possible without rejecting too many
events with potentially interesting topology.
18One LS is defined as 220 LHC orbits, which corresponds to approximately 93 s of data taking. In this time period, the
instantaneous luminosity is assumed to be constant ([58]).
19For example, a search for heavy vector bosons (Z′) decaying into muons will focus on the muons in all events, while a
tt analysis will need to retrieve information about all possible decay products of the top-quarks, etc.
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All hits that could be successfully associated with tracks are removed from the initial collection of
hits and a next iteration is performed with looser initial criteria on the seeds and trajectories ([44]).
3.2.8.2 Muons
Inside the muon system, hits and seeds are formed taking into account the special properties of
the muon sub-systems. Then, similarly to the reconstruction in the tracker, but optimised for the
properties of the muon system, starting with the seeds, tracks are extrapolated from layer to layer
of the muon system (cf. Sec. 3.2.6) with help of a Kalman-Filter.
From tracks found in the muon system and the tracker three kinds of muon objects can be
constructed in an event: stand-alone, tracker and global muons. A track reconstructed in the muon
system, remaining after fake cleaning, is called stand-alone muon (track). Once the reconstruction
of tracker tracks and stand-alone muons is finished, a dedicated algorithm performs a matching
between each stand-alone muon and all tracker tracks (“outside-in” approach) inside a well-defined
(𝜂 − 𝜑) search window. If one or more matching tracker tracks are found (discrimination with
help of positional and track parameters), a global refit of all tracker and muon hits for the found
tracks is performed. If more than one tracker track has been found for one stand-alone muon, the
refit with the best 𝜒2 is chosen; the resulting track is called global muon. In order to reconstruct
very low momentum muons (. 5 GeV) and to account for geometrical effects in the muon system
(gaps in the transition regions between barrel and endcaps), muons are reconstructed from tracker
tracks matching calorimeter and muon-system entries. Each tracker track is first propagated into
the ECAL and HCAL, where the energy deposit is compared to the energy deposit expected from
a muon, and further propagated into the muon system to look for matching track segments, all
taking into account the magnetic field, the energy loss in matter and multiple scattering. A number
of configurable criteria (minimum momentum, minimum number of matching segments, matching
quality between extrapolated track and matching segments) has to be fulfilled, in order to regard the
tracker track as a tracker muon ([60]).
3.2.8.3 Electrons and Photons
Both electrons and photons produce electromagnetic showers in the material of the ECAL, which
is optimised for that task (cf. Sec. 3.2.3). Main differences in the detection between electrons and
photons are the missing track for the photons and the possibility to emit bremsstrahlung for the
electrons. Both issues will be addressed below.
After the light, detected in the ECAL crystals, has been translated into energy deposit (known from
test beams and MC studies), the first step in the electron/photon reconstruction is the clustering of
energy entries in the ECAL. Two different algorithms have evolved covering the different properties
of the barrel and endcap parts of the ECAL, respectively.
In the barrel, where the geometry is rather simple (the ECAL crystals can be seen as a grid in the
𝜂−𝜑-plane), the clustering is rather straightforward. Once a seed crystal (a crystal with local energy
maximum above a certain threshold) has been found, energy is collected in strips of 5× 1 (or 3× 1
depending on the configuration) in 𝜂 × 𝜑 (called dominoes), left and right to the seed crystal, where
the centre of each domino has the same 𝜂-value as the seed crystal. The spread in 𝜑 is configurable
and reaches typically 𝒪 (10) crystals. Dominoes below a certain threshold are discarded to suppress
electronic noise and low energy background. Once the energy entries have been collected in the 𝜂×𝜑
rectangle, the crystals are removed from the collection, and the algorithm restarts. This is repeated
until no more seed crystals are found. This method, referred to as Hybrid Method, automatically
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creates clusters of clusters (superclusters), thus taking into account the possible spread of energy in
𝜑 direction, resulting from bremsstrahlung photons of the electrons ([45]).
In the endcaps, a different approach has been chosen. In a first step, clusters are created. After a
seed crystal (see above) has been identified, the energy in a 5×5 (in 𝜂×𝜑) crystal matrix, centred on
the seed crystal, is collected, defining a cluster. The outermost crystals in this matrix can each give
rise to another cluster, where only free crystals (i. e. not belonging to any other cluster) are included
(potentially creating overlapping clusters). This procedure is repeated until no (free) seed clusters
can be found. In the second step, a seed cluster (a cluster with local energy maximum above a certain
threshold) is identified and a supercluster is built from clusters in a 𝜂 × 𝜑 strip of 0.14 × 0.6, again
taking into account the possible spread of energy in 𝜑, caused by bremsstrahlung photons ([45]).
Each supercluster (SC) position (energy weighted impact point taking bremsstrahlung into
account) is used to define a search region in the Pixel Detector (propagated through the magnetic
field), to find hits that are used as seeds for tracking. In contrast to the default tracking algorithm
(as described above), electrons tend to radiate significantly more bremsstrahlung than other charged
particles, so that an adapted algorithm, the Gaussian Sum Filter (mixture of Gaussian distributions
to model the energy loss of electrons in matter), is used instead of a Kalman-Filter ([47]). Rather
loose criteria are applied to match a track to a SC, so that additional selection criteria are necessary
to select well reconstructed electrons (cf. Sec. 7.3.2) ([46]).
Since the material budget in the tracker is not negligible, a significant fraction of photons will
convert into electron-positron pairs before reaching the ECAL. Thus, each cluster in a SC with a
predefined distance to the seed cluster of that SC is analysed to find potential track pairs fulfilling the
conversion assumption. Two methods are used: First, starting from the cluster position a trajectory is
extrapolated into the tracker (inward tracking) and matching pairs of hits are sought in the outermost
layers of the tracker. If matching hits are found, the track is propagated inwards with a similar method
as described above (due to performance reasons a Kalman-Filter is used here instead of the Gaussian
Sum Filter) until the last (innermost) hit is found. In the second method, two oppositely charged
tracks with the highest number of hits obtained from the inward tracking are used independently from
each other as seeds to the outward tracking, searching for the other conversion with the innermost hit
assumed as the conversion point. All reconstructed tracks are merged and cleaned for duplicates and
all resulting combinations of oppositely charged tracks are considered as possible photon candidates
(after fitting to a common vertex) ([48, 49]).
3.2.8.4 Particle Flow
In a classical approach, every sub-detector is used to reconstruct one type of particle or corresponding
signature (e. g. calorimeter clusters for jets or photons etc.) and does not take into account what
other objects might be present in the event. As described above, electrons and muons are already
reconstructed from different sub-detector entries.
The fine granularity of the calorimeters and the precise tracking possibilities of the CMS detector
allow to utilise a more detailed reconstruction. The Particle Flow Reconstruction (PF) aims at
reconstructing the event as a whole, i. e. all “stable” particles20 in every event using information from
all detector parts. By reconstructing all individual particles, the goal is to improve the resolution
especially of “composed” objects like jets, τ-leptons and closely related missing energy.
The PF algorithm uses a linking technique to construct particles from different sub-detector entries.
As an example, if a track is found in the tracker the algorithm searches for entries in the calorimeters
20From detector point of view a particle is “stable” when it does not decay before reaching and interacting with active
detector components (e. g. a muon).
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that match the energy of the tracker track. If entries are found, they are linked and a combination
of both measurements is performed to improve the reconstruction of that object.
The following types of particles are reconstructed within the PF algorithm that can be used in
subsequent reconstructions (cf. jet reconstruction below) and analyses ([50]):
• Muons are reconstructed similarly to the “normal” reconstruction algorithms, as described
above. A track in the tracker is matched to tracks in the muon system taking into account
calorimeter entries compatible with a minimum ionising particle effectively constructing a global
muon.
• Electrons are reconstructed by matching tracker tracks to ECAL clusters taking into account
possible bremsstrahlung photons. A special clustering algorithm has been developed for PF
reconstruction.
• Photons arise when no fitting track could be found for an ECAL cluster, or if the calorimeter
energy exceeds the track momentum significantly.
• Charged Hadrons are reconstructed from tracks matching both ECAL and HCAL entries.
• Neutral Hadrons are reconstructed from matching ECAL and HCAL entries when no track
is found or the calorimeter energy exceeds the track momentum significantly.
3.2.8.5 Jets
Quarks and gluons generated in a hard process cannot persist alone, since they carry colour-charge.
From the gluon field, new colour-charged particles emerge and form colour-neutral mesons and
baryons, so that the system stays colour-neutral (hadronisation). Since the hadronisation takes
place long before any detector parts are reached, only the resulting particles can be measured.
Jet reconstruction aims at clustering the resulting particles in a way that the resulting object
(i. e. the jet) has similar kinematical properties (four-vector) as the underlying parton. Different
algorithms (e. g. cone-, 𝑘T-algorithm, etc.) taking into account different jet properties have been
developed in the past. Most of these are available in the standard CMS reconstruction, but the focus
is put on the anti-𝑘T algorithm ([51]), which has prevailed against the other algorithms in the past
years and is the only algorithm used in the presented analysis.
The anti-𝑘T algorithm is a sequential recombination algorithm with a distance parameter 𝑅 that
basically defines the radius and with it the area (in the 𝜂 × 𝜑-plane) of the resulting jet. This
parameter has been set to 𝑅 = 0.5 in the reconstruction algorithms of CMS to allow a consistent
treatment of jets. The algorithm works by defining two distance measures:
𝑑𝑖𝑗 = min
(︃
1
𝑘2T𝑖
,
1
𝑘2T𝑗
)︃
· 𝛥
2
𝑖𝑗
𝑅2
𝑑𝑖B =
1
𝑘2T𝑖
,
where 𝑘T𝑖 is the transverse momentum of object 𝑖 and 𝛥𝑖𝑗 is the distance in the 𝜂×𝜑-plane for every
pair of objects 𝑖, 𝑗.
These measures are computed for every pair in the set of objects (four-vectors) to be considered as
a potential part of a jet (will be discussed below). In case 𝑑𝑖𝑗 is the smallest distance, the objects 𝑖
and 𝑗 are combined to a new one and removed from the initial set of objects. In case 𝑑𝑖B is the
smallest distance, the object 𝑖 is called a jet and removed from the set of objects. This procedure
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is redone (including the new objects) until no objects remain in the initial set (i. e. until all objects
have been clustered to jets).
The properties of this algorithm have been discussed thoroughly in [51] and only some of the key
features will be mentioned here. The anti-𝑘T algorithm is collinear21 and infrared22 safe, the resulting
(hard) jets are, in principle, cone-shaped, which comes in naturally from the definition of the distance
measures.
The objects used as input for the jet algorithms can be any collection of four-vectors reconstructed
in the detector. In CMS basically two types23 of input collections are considered: In the calorimetric
approach, ECAL and HCAL clusters are transformed into four-vectors representing the particles
coming from the hadronisation of a parton. This approach is rather simple but needs large corrections.
Thus, an alternative approach has evolved using Particle Flow objects (see above) as input to the
anti-𝑘T algorithm. It needs smaller corrections with smaller uncertainties and improves the jet
resolution and with it the missing transverse energy resolution (see below). In the presented analysis
only PF anti-𝑘T (𝑅 = 0.5) jets are used.
The properties (especially the energy) of a jet reconstructed as described above will be, in general,
different from those of the parton causing the jet. In order to achieve a reliable value of a jet’s energy
and other properties, corrections for different effects (e. g. instrumentation based offsets, undetected
particles, pile-up, etc.) need to be applied. Several methods have been elaborated to account for
these effects involving data and MC input. The obtained correction factors (often referred to as
JEC/JES24) depend on the used type (calorimeter based, particle flow, etc.), transverse momentum
and pseudo-rapidity of a jet (cf. [61]). Similarly, the jet momentum resolution is a function of different
jet aspects and lies roughly in the order of 10 % for PF jets, depending on the jet momentum etc. ([61])
(cf. Sec. 4.6.5.5).
3.2.8.6 Missing Energy
Missing transverse energy (/𝐸t) is, in general, defined as the magnitude of the negative vectorial sum
of the transverse momenta of all objects in an event reconstructed in the detector (e. g. [52]):
/𝐸
raw
t =
⃒⃒⃒⃒
⃒−∑︁
𝑖
𝑝T𝑖
⃒⃒⃒⃒
⃒ , (3.7)
where 𝑖 runs over all objects and 𝑝T𝑖 is the transverse momentum of object 𝑖.
The reconstruction of /𝐸t follows the definition of jets and, similarly to the jet types described
above, two types25 of input objects are used to calculate /𝐸t: Calorimeter-based /𝐸t is built from
calorimeter entries, which are used to define pseudo-particles (four-vectors) that are used in the sum,
while reconstructed muons are taken into account separately. PF-based /𝐸t takes into account all
reconstructed PF objects (see above) in the event. In the presented analysis, only PF-based /𝐸t is
used.
In general, /𝐸t as defined in Eq. (3.7) will not correspond to the “true” missing transverse energy in
the event as there are several effects that can lead to an under- or overestimation (e. g. non-linearities
in the calorimeter responses, minimum energy thresholds in the calorimeters, displacement of charged
21Splitting one of the objects into two collinear objects does not change the resulting jet.
22Adding a low-𝑝T object to the jet does not affect the outcome of the algorithm.
23In CMS there are also approaches that only use tracker information (tracker jets) or a combination of tracker and
calorimeter information (Jet Plus Tracks Jets) that both play a secondary role in typical analyses.
24Jet Energy (Scale) Corrections
25Similarly to jets, there is also a third type combining tracker and calorimeter entries (TC /𝐸t) which plays a secondary
role in most analyses.
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particles with small 𝑝T in the magnetic field, etc.). Therefore, several correction options have been
developed, to account for different effects ([53]):
Type-0 Correction: Since pile-up (cf. Sec. 6.1.1) is expected to create little “true” missing energy,
ideally particles coming from pile-up vertices should not be considered in the /𝐸t calculation. In
the Type-0 correction, the charged-hadron contribution along with an estimate of the neutral-
hadron contribution coming from pile-up, is removed from the PF-based /𝐸t (this correction
cannot be defined sensibly for calorimeter-based /𝐸t).
Type-I Correction: Objects considered in Eq. (3.7) can be categorised into clustered (jets) and
unclustered objects. Thus, the calculation of /𝐸t is closely related to the definition of jets.
Since jets are subject to a number of corrections (see above), it is important to propagate
these corrections to the resulting /𝐸t. The Type-I corrected /𝐸t can, in principle, be written as
(cf. [53]):
/𝐸
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𝑁jets∑︁
𝑗
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⃒⃒⃒⃒
⃒⃒ , (3.8)
where 𝑝T,𝑖 are all unclustered objects and 𝑝JECT,𝑗 are all energy corrected jets.
In fact, the correction terms are more complicated than shown in Eq. (3.8) because the
corrections contain energy thresholds of instrumental and algorithmic origin (cf. [62]).
Type-II Correction: This corrects the 𝑝T of unclustered objects and low-𝑝T jets not considered in
jet energy corrections. The Type-II correction has been developed for calorimeter based /𝐸t
and is not recommended for PF-based /𝐸t.
In the presented analysis, only Type-I corrected /𝐸t is used.
3.2.8.7 Tauons
Since the decay time of τ-leptons (𝜏τ ≈ 2.9 · 10−13 s) is too short for the particles to reach any active
detector part, only the decay products of the τ-leptons can be detected. The reconstruction of the
leptonic τ-decay (decay to an electron and neutrinos or muon and neutrinos) is very challenging26,
so that the focus has been put on only reconstructing the hadronically decaying τ-leptons. The
dominant decays result in one charged hadron (predominantly 𝜋±) and zero to three neutral hadrons
(predominantly 𝜋0’s) or three charged hadrons (and a τ-neutrino in either case).
The reconstruction algorithm that prevailed in CMS is the Hadron Plus Strips (HPS) algorithm.
A schematic view of the considered decays is given in Fig. 3.16, the algorithm will be described below.
Every (uncorrected) PF anti-𝑘T (𝑅 = 0.5) jet is used as a seed for a τ-lepton reconstruction.
In a first step, all 𝜋±’s within the jet are reconstructed. Since most 𝜋0’s decay into two photons
before reaching the calorimeters, additional strips of size 0.05 × 0.2 (in 𝜂 × 𝜑) centred on the most
energetic electromagnetic object in the jet are defined in the calorimeter to search for photons (cf.
Fig. 3.16b). The “width” of the strips (0.2 in 𝜑) accounts for the magnetic field, which causes a
bending of the charged hadrons but not of the 𝜋0’s and photons. Additional criteria are applied on
the reconstructed decay products to ensure a τ-lepton: The invariant mass of the decay products
26It is not clear whether the electron/muon comes from a decaying τ and, in general, there will be more than one /𝐸t
source, making it infeasible to correctly assign the right amount of /𝐸t to the τ-decay.
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(a) τ-leptons decaying into one
charged hadron are considered.
In this case no strip is assigned
to the τ-decay.
(b) τ-leptons decaying into one
charged hadron (typically 𝜋±)
and one or two neutral hadrons
(typically 𝜋0) are considered.
The search region in the
calorimeter (strip) is indicated
by the yellow tiles. One or two
strips can be assigned to one
τ-decay.
(c) τ-leptons decaying into three
charged hadrons (typically 𝜋±)
are considered. In this case no
strip is assigned to the τ-decay.
Figure 3.16: Schematic of the considered τ-lepton decays in the HPS algorithm. The resulting τ-neutrino is
not indicated. Adapted from [63].
must be consistent (mass window) with one of the intermediate mesons (𝜌(770) or 𝑎(1200)), which
are produced resonantly in a τ-decay. All charged hadrons and particles reconstructed in strips
must be contained in a radius of ∆𝑅 < 2.8 GeV𝑝τT , where 𝑝
τ
T is the transverse momentum of the τ
as reconstructed by the HPS algorithm. The reconstructed τ-momentum direction must match the
initial PF-jet-momentum direction within ∆𝑅 < 0.1. In case the reconstructed decay is consistent
with more than one τ-decay hypothesis the one yielding the higher 𝑝τT is chosen ([54]).
3.2.9 Primary Vertices
In almost all physics analyses it is essential to know the properties and the number of the proton-
proton interactions in any given bunch crossing. Tracker information is used to reconstruct and
measure primary vertices in CMS. After selecting high quality tracks (based on the number of hits
in the pixel and strip sensors, normalised 𝜒2 of the fitted trajectory, significance of the transverse
impact parameter), tracks are clustered depending on their 𝑧-coordinate. In order to ensure a high
reconstruction efficiency, no 𝑝T requirements are imposed on the considered tracks.
In a first step, a deterministic annealing approach is used for track clustering, allowing to find the
global minimum for a problem with many degrees of freedom. From the minimisation, of what can
be seen as an analogy to the free energy in thermodynamics, a set of vertex candidates is obtained.
In a second step, an adaptive vertex fitter is used to compute the best estimate of vertex and fit
parameters. At least two tracks must be associated with a vertex candidate in order to be considered
by the fitter ([44]).
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3.2.10 Luminosity Measurement
In most analyses it is crucial to know the integrated luminosity ℒint (e. g. to determine the expected
number of events from a given process), i. e. the instantaneous luminosity integrated over time (in
the analysis-relevant data-taking periods). The quantities given in Eq. (3.2) must be known in order
to determine ℒint. The revolution frequency 𝑓R is, in principle, a constant, the number of bunches
is controlled by the LHC group (and is known for any given data taking period), the number of
protons per bunch 𝑁b is measured from the beam current and the (effective) beam widths 𝜎𝑥, 𝜎𝑦 are
determined with help of Van der Meer Scans (VdM) ([55]).
In a VdM scan the two beams in the LHC are (vertically and horizontally) displaced with respect
to one another and a luminosity related quantity (e. g. the number of reconstructed vertices per
bunch crossing) is measured. From the resulting distribution the values of 𝜎𝑥 and 𝜎𝑦 can be obtained
by fitting27. VdM scans are time consuming and interrupt the normal LHC operations, so that they
can only be performed a few times per year.
Since the instantaneous luminosity will change over time (cf. Sec. 3.1), it is necessary to
permanently monitor it in order to determine the total integrated luminosity precisely. For this
purpose, the Pixel Cluster Counting method is used. The average number of pixel clusters per
event measured in the Pixel Detector of CMS is proportional to the instantaneous luminosity.
After calibration with help of the VdM scans this relation can be used to monitor the per-bunch
instantaneous luminosity ℒBX.
The total integrated luminosity per luminosity section (LS) is then derived from ℒBX and integrated
over the time of one LS. The total integrated luminosity, in turn, is the sum of all luminosities in all
(analysis-relevant) LS ([64, 65]).
3.3 The CMS Software
In order to process, reconstruct, analyse and simulate events in CMS, dedicated software has been
developed. The whole software package providing different tools for these tasks is called CMSSW. It
has been designed to fulfil the specific needs of CMS and it is continuously developed and adapted
to new needs arising in CMS operations. Since CMSSW is a central tool in basically all analyses
and developments within the CMS collaboration, a few key features will be described shortly in the
following.
More details can be found in [40, 66, 67]
3.3.1 Structure
The core of the CMSSW framework is designed in a highly modular way, built upon the Event Data
Model (EDM), which defines all relevant data formats and tools to manage an event on software level.
The EDM is centred around the edm::Event, which is a C++ class representing the physics event and
holding all relevant data at any given stage (HLT, reconstruction, analysis, etc.). The framework
allows to define modules that can read and analyse a given edm::Event, and that can write (derived)
information (e. g. reconstructed objects) into the edm::Event. When an event is processed, the
edm::Event is passed through a sequence of modules (paths) that must be user-defined beforehand
(e. g. a chain of reconstruction or HLT modules). The workflow is illustrated in Fig. 3.17.
27In principle, this distribution is Gaussian with some tails. To describe the tails a second Gaussian (with significantly
smaller amplitude) is used and the resulting widths are effectively constructed from both Gaussians (cf. e. g. [64]).
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Figure 3.17: Schematic view of the components of the CMS software framework and the inherent Event Data
Model. A (recorded or simulated) CMS event is read with help of the edm::InputSource. The
edm::EventSetup provides information about all relevant parameters not directly connected
with an event, e. g. calibration, alignment, geometry description of the detector, the magnetic
field and run conditions at the time of data taking or MC production, etc. One or more paths
(sequences of modules) can be predefined. The edm::Event is passed from module to module
in every path. Each module can analyse the event data and write new information into the
edm::Event, depending on the module and its configuration. The configuration is read from
a (python) file and made accessible with help of edm::ParameterSet, which is a container for
the configuration. One or more modules can write the data stored in the edm::Event (or only
a part of it) to an output stream (typically a .root file) ([40]).
Depending on the stage of processing and the type of event, different information can be written
to disk, by the output modules. During central processing of CMS data and simulated events, the
output is written with help of the ROOT I/O-facility ([40, 68]). This will be discussed in Sec. 3.3.2.
3.3.2 CMS Data Tiers
The data formats used in CMS vary in degree of detail, size and type of information, depending on
their intended use. A scheme of some of the data formats or data tiers is shown in Fig. 3.18. The
most important data tiers are ([66]):
DAQ-RAW Detector data from front-end electronics including L1 results. This is the primary record
of physics events and input to the online HLT.
RAW Detector data after online formatting. Contains the L1 trigger result, the result of the HLT
selections (HLT trigger bits), potentially some of the higher level quantities calculated during
HLT processing. It is the input format to Tier-0 (cf. Sec. 3.4) reconstruction and the primary
archive of events at CERN.
RECO Reconstructed (high-level) objects (tracks, vertices, jets, electrons, muons, etc.) and
reconstructed hits/clusters. This format is the output of Tier-0 reconstruction and subsequent
re-reconstruction passes.
AOD Analysis Object Data is a subset of RECO. It contains reconstructed high-level objects
(tracks, vertices, jets, electrons, muons, etc.) and possibly small quantities of very localised hit
information. It is used for size reduction.
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Figure 3.18: Selection of important CMS data tiers. The RAW format contains the output of the HLT
online systems, with all detector data, L1 and HLT results. RECO contains physics objects
for analysis (in a convenient format), created by the dedicated event and object reconstruction
modules, which are derived from RAW data. The AOD format is a subset of the RECO data.
It contains particularly the reconstructed high-level objects (muons, electrons, vertices, etc.)
without storing all low-level information like hits or redundant information. This allows to
reduce the size of files that are distributed to the Tier-2’s (cf. Sec. 3.4) significantly ([69]).
GEN Contains generated Monte-Carlo events before the simulation of detector response.
SIM Contains energy depositions of MC particles in detector (SIM hits).
DIGI Contains SIM hits converted into detector response.
3.3.3 High Level Objects
In order to allow for an easy and flexible access to the reconstructed objects, an additional software
kit has been developed for the CMS software, called PAT28. PAT serves as a kind of abstraction
layer that allows storing and retrieving object information in a uniform (e. g. same access methods
for different kinds of particles) and user-friendly (e. g. methods to retrieve isolation variables and
other non-trivial properties) manner. It can also help to perform first steps of an analysis, as it has
many generic tools like selectors that help to easily select objects, or matchers that help to match
reconstructed objects with generator particles. It is highly modular and can be controlled with help
of the CMSSW configuration (which is implemented in python) ([70]).
3.4 Computing and the Grid
The enormous amounts of data (𝒪 (10 PB) annually) produced and stored in LHC operations and
the computing power needed to process and analyse the recorded data, have been anticipated long
before the LHC operation began, and a grid of linked computing centres across the world has been
established, the Worldwide LHC Computing Grid (WLCG). The WLCG is basically implemented in
three layers, or tiers (see Fig. 3.19):
28Physics Analysis Toolkit
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GridKa center
Figure 3.19: Model of the LHC computing with data flow between the Tiers outlined. Adapted from [71].
Tier-0 It can be called the “core” of the WLCG. It is a single site located at CERN. All data recorded
at the LHC experiments are stored here. Data coming from CMS is reconstructed with high
priority at Tier-0.
Tier-1 This is the second layer. It comprises twelve computing centres located in Europe, North
America and Asia. The Tier-1’s are used for re-reconstruction of data, long-term storage of
reconstructed data and MC simulation of SM processes.
Tier-2 This is the third layer of WLCG. Roughly 150 Tier-2’s exist distributed across 34 countries,
each comprising typically 𝒪 (1000) CPUs. The computing power here is used for (central)
SM simulation as well as for user defined analyses. CMS data are distributed to Tier-2’s via
Tier-1’s to reduce the load on Tier-0. One large Tier-2 is located at RWTH Aachen University,
comprising more than 2000 CPU core (at the time of writing).
(Tier-3) In principle a fourth layer can be defined, which corresponds to local computing resources
that can be involved by site members in order to provide additional computing power. Tier-3’s
do not exist at every site, and are typically not seen as part of the WLCG.
(Tier-4) Finally, a fifth layer can be defined, which comprises the working stations of the end-users,
that are used to access the WLCG resources.
Special workload management systems have been developed in order to run user-defined analysis
(and other) jobs automatically distributed to Tier-2’s that have free resources ([71, 72]).
Sec. 5.1.1 and Sec. 5.2.2 give more details on the usage of the WLCG resources in the presented
analysis.
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Chapter 4
Concept of the Model Unspecific Search
This chapter gives an overview of the motivation and implementation of the model unspecific search
performed at CMS. It describes the concepts and ideas that drive a search that is independent of
theoretical models on how new physics could manifest itself. Furthermore, details on the technical
aspects of an analysis that processes a huge amount of data and Monte-Carlo samples are shown.
4.1 Motivation
As described before, the LHC has performed with high reliability in the past years and has delivered
an enormous number of proton-proton collisions to CMS. There are many different predictions for
new physics to show up in the energy regime of the LHC, as the Standard Model is widely considered
to be insufficient (even with the Higgs boson). These models for new physics predict a wide range of
phenomena, ranging from heavy “copies” of the SM vector bosons (e. g. Z′, W′) over supersymmetric
extensions of the SM, to the production of microscopic black holes. All of these models would
show up in different kinds of final states. Heavy bosons, e. g. are expected to appear as (narrow)
resonances in simple final states with two leptons (and potentially additional jets), while many SUSY
scenarios predict decay cascades of the SUSY particles that might produce moderate deviations that
spread over many different final states typically containing missing transverse energy (cf. Sec. 2.2).
Microscopic black holes, in turn, are predicted to decay into many high-energy SM particles, resulting
in spectacular final states.
These examples demonstrate that potential new models may manifest themselves in completely
different event topologies, so that it is difficult or even impossible to cover all modern theories with
dedicated analyses. Moreover, the actual extensions of the SM might not be covered by the existing
theories and analyses. A model independent search can provide a solution to some of these problems.
It can give a global overview of the data and identify overall discrepancies between data and MC
prediction that would not strike attention when analysing only one or a few final states alone. The
fact that there is no explicit pre-selection of final states to be analysed, reflects the open-mindedness
of the approach of this analysis that also wants to be sensitive to new physics that has not been
considered yet.
Another aspect is the implicit validation of the widely used MC generators. As MUSiC uses a very
broad selection of samples describing different SM processes, it can be sensitive to potential problems
that arise from poorly modelled SM physics or processes missing in the simulation.
Furthermore, the analysis can help to find unexpected detector effects that only show up in
particular final states or topologies.
4.2 Philosophy
As indicated before, MUSiC works complementary to dedicated analyses. A typical dedicated analysis
picks one theoretical model that makes predictions for a limited number of final states and focusses on
one or a few of these final states. Depending on the theory, the analysis tries to optimise the selection
of events and objects within these events to be such that the signal is separated best from the SM
background. This can mean, e. g. a “simple” cut on the angular distribution of some particle(s)
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but can reach to complicated selection criteria, e. g. obtained from boosted decision trees or neural
networks.
MUSiC explicitly refrains from using any dedicated selection criteria, except those used to select
properly reconstructed events and physics objects.
The paradigms of MUSiC can be summarised as follows:
Openness: Do not optimise for any model beyond the SM, i. e. do not use dedicated selection criteria.
Make no explicit pre-selection of considered final states or search regions.
Robustness: Event and physics-object selection follow well understood and officially recommended
guidelines. Rely on MC simulation of SM processes.
Simplicity: Keep the algorithms easy to follow as far as possible. Use established statistical
estimators and methods.
Completeness: Consider all known systematic differences between MC and data.
These guidelines allow a broad search for new physics but, in general, can come at the cost
of lower sensitivity compared to dedicated analyses because of the expected higher background
“contamination” in a potential signal region.
4.3 Workflow
Before the actual analysis can start, data and MC events have to undergo the CMS reconstruction
algorithms and several other steps (cf. Sec. 3.2.8). This is a centrally controlled procedure within
the CMS collaboration where individual analyses only have indirect influence. MUSiC uses a lot of
the centrally provided MC samples, and officially reconstructed datasets. These will be described in
more detail in Chap. 6.
The workflow of MUSiC can then be subdivided into three major steps (a summarising diagram
is shown in Fig. 4.1):
1. Skimming: Recorded data and officially produced MC events are distributed in the WLCG
(cf. Sec. 3.4). In the first step, only information relevant for further analysis is extracted from
the events of interest (slimming) and stored in the local computing centre (fetching). The data
amount is reduced considerably in this step, allowing a faster reanalysis.
2. Classification: Selection cuts for events and objects are applied on the skimmed events, and
every event is sorted into event classes according to its physics objects content (cf. Sec. 5.2.1).
3. Scanning: Kinematic distributions (cf. Sec. 4.5) of interest are systematically scanned for
deviations between MC prediction and measured data. This step also includes the generation
of a large number of pseudo-distributions, which will be explained in detail in Sec. 5.3.6.
In Chap. 5 these steps will be discussed in greater detail. CMS experimental data and MC events
are treated as similar as reasonably possible. Selection cuts are applied identically to data and MC
events and objects.
4.3 Workflow 47
)p~(
10
-log
0 1 2 3 4 5 6
# 
di
st
rib
ut
io
ns
-310
-210
-110
1
10
210
σ1 σ2 σ3 σ4
MC
Data
Data overflow
variable
AU
Control Plots
Classification
Scanning
Global Result
Skimming
Reduced Data 
and MC Events
Reconstructed
CMS Events
CMS Data MC Generator
Figure 4.1: Schematic diagram of the workflow of MUSiC. The 0th step, framed in black, is performed
centrally. Data events are recorded with CMS while MC events are generated with various MC
generators. Both are processed (reconstructed) with help of the CMS software and stored within
the WLCG.
In the 1st step, framed in red, data and MC events are fetched and slimmed (Skimming).
In the 2nd step, framed in blue, every event and every object within each event has to pass a
number of quality and selection criteria before the event is sorted into event classes, depending on
its physics content (Classification). Histograms of kinematic variables of interest are filled here.
In parallel, histograms with different event or particle variables are filled, allowing a validation
of various steps of the analysis (Control Plots).
In the 3rd step, framed in green, all kinematic variables in all event classes are systematically
scanned for deviations and a global result is generated from the individual results (Scanning).
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4.4 Considered Physics Objects
The selection described in Chap. 7 defines “good” events and objects within these events. Here
object refers to the technical representation of a summary of physical properties recorded in the CMS
detector, obtained from the reconstruction algorithms, typically corresponding to an (elementary)
particle. The objects considered by the MUSiC analysis are the following:
• Electrons/Positrons (e) reconstructed as described in Sec. 3.2.8.3 and passing the selection
defined in Sec. 7.3.2.
• Muons (µ) reconstructed as described in Sec. 3.2.8.2 and passing the selection defined in
Sec. 7.3.3
• Hadronically decaying tauons (τ), reconstructed as described in Sec. 3.2.8.7 and passing the
selection defined in Sec. 7.3.4.
• Photons (γ) reconstructed as described in Sec. 3.2.8.3 and passing the selection defined in
Sec. 7.3.5.
• Hadronic anti-𝑘T (with 𝑅 = 0.5) PF jets (jet), as described in Sec. 3.2.8.5 and Sec. 3.2.8.4 and
passing the selection defined in Sec. 7.3.6.
• PF-based Type-I corrected missing transverse energy (/𝐸t), as described in Sec. 3.2.8.6 and
Sec. 7.3.7.
The most important selection criteria for these objects are summarised in Tab. 4.1.
Table 4.1: Summary of the objects and selection used in the presented analysis. Details on the criteria applied
to each object can be found in Sec. 7.3.
Object 𝑝T/GeV |𝜂| Remarks
e > 25 < 2.5 HEEP Selection v4.1
µ > 20 < 2.1 Tight Muon Selection
τ > 20 < 2.3 HPS
γ > 25 < 1.442 Simple Cut Based ID
jet > 50 < 2.5 (anti-𝑘T, 𝑅 = 0.5) PF Jet ID
/𝐸t > 50 - Type-I corr. PF-based
4.5 Kinematic Variables
In the constructed event classes (cf. Sec. 5.2.1), a suitable set of kinematic variables is filled into
histograms, which are later analysed by the scanning algorithm. Three variables have been chosen
as a standard that will be described in the following.
4.5.1 Sum of Transverse Momenta
In MUSiC, the sum of the magnitudes of transverse momenta in an event is defined as:
𝑁objects∑︁
𝑖
|𝑝T,𝑖| =
𝑁objects∑︁
𝑖
𝑝T,𝑖 (4.1)
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or symbolically:
∑︀
𝑝T, where 𝑝T,𝑖 is the vectorial transverse momentum of object 𝑖 in an event. In
exclusive event classes (cf. Sec. 5.2.1) the sum is composed from all physics objects (including /𝐸t)
in an event, passing the selection criteria. In inclusive event classes, the sum is composed from all
physics objects defining that event class.
Many models of BSM physics predict deviations in the high-energy or high-𝑝T regime (compared
to SM energies of roughly 100 GeV).
∑︀
𝑝T is a very general event variable that is highly correlated
to the total amount of energy invoked in the (hard) reaction, and is thus seen as a suitable variable
to be sensitive to all kinds of deviations. Sometimes this variable is referred to as effective mass.
4.5.2 Combined Mass
Several models for new physics predict additional particles that can be produced resonantly
(e. g. heavy vector bosons). Thus, it is natural to compute the invariant or combined mass of
all particles in events with two or more particles and compare the distribution of SM prediction and
actual data.
The combined mass is defined as:
𝑀 =
⎯⎸⎸⎸⎷
⎛⎝𝑁objects∑︁
𝑖
𝐸𝑖
⎞⎠2 −
⎛⎝𝑁objects∑︁
𝑖
𝑝𝑖
⎞⎠2. (4.2)
In case the event contains /𝐸t (passing the selection), the transverse mass 𝑀T of all particles is
computed instead:
𝑀T =
⎯⎸⎸⎸⎷
⎛⎝𝑁objects∑︁
𝑖
𝐸T,𝑖
⎞⎠2 −
⎛⎝𝑁objects∑︁
𝑖
𝑝T,𝑖
⎞⎠2. (4.3)
Both are used synonymously and also treated the same way in the further analysis. They will be
referred to as combined mass or simply mass.
Analogously to
∑︀
𝑝T, all particles in the exclusive event classes are used to determine the mass.
In inclusive event classes, only the particles defining the event class are used.
4.5.3 Missing Transverse Energy
Missing energy can arise from particles that could not be measured in the detector (few or no
interaction with the components) but can also be caused by mismeasurement of the energy deposit
of the detected particles in an event.
Some BSM models predict new particles that will not decay within the detector or decay into
“invisible” particles. Thus, a deviation in the missing transverse energy (/𝐸t) distribution might be
a strong indication for new physics.
/𝐸t can be defined as the magnitude of the negative vectorial sum of the 𝑝T of all objects in an
event:
/𝐸t =
⃒⃒⃒⃒
⃒⃒−𝑁objects∑︁
𝑖
𝑝T,𝑖
⃒⃒⃒⃒
⃒⃒ (4.4)
In general, corrections must be applied to account for imperfections in the reconstruction algorithms
and detector instrumentation (cf. Sec. 3.2.8.6).
Only events with /𝐸t passing the selection criterion (Sec. 7.3.7) are considered in these distributions,
as the low-/𝐸t regime is dominated by SM processes (with small or no real /𝐸t) and detector effects.
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4.6 Detector Resolution and Binning
The binning used in the histograms of the event variables, described above (Sec. 4.5) is chosen
according to physical considerations that will be described below. Resonances resulting from new
physics (expected in the mass distributions) can be very narrow but not narrower than the detector
resolution. On one hand, a bin size significantly larger than the resolution of the considered variable
could cause resonances to disappear in the SM background. On the other hand, a bin size significantly
smaller than the resolution has no benefit, as the MUSiC algorithm will always merge bins to larger
regions (cf. Sec. 5.3.4.1) in order to minimise the 𝑝-value. Additionally, more bins and thus more
regions, increase the probability of finding potential deviations caused by statistical fluctuations,
which can surpass the significance of the actual physics signal. More bins and regions also lead to
larger “Look-Elsewhere Effect” corrections (cf. Sec. 4.7.2), i. e. to a reduced significance of a potential
signal. To maximise the sensitivity, a bin size should be chosen that is as large as possible but not
larger than the detector resolution of the considered variable. This is also advantageous in terms of
𝑝-value calculation and computation time, as the number of regions is not increased artificially.
In general, the resolution of kinematic event variables depends on the resolution of the kinematic
object variables (e. g. the resolution of
∑︀
𝑝T depends on the 𝑝T of the involved objects etc.). The
resolution of an object variable (e. g. the 𝑝T or 𝜂 of that object), in general, depends on the energy
scale (of that variable). This means that kinematic event variables will have different resolutions,
depending on the number and properties (𝑝T or 𝜂) of the participating physics objects. When
filling histograms of kinematic distributions, it is impossible to use the resolution information of the
individual events. Hence, the resolution has to be a function of one parameter (e. g. the kinematic
variable itself), with the topology (i. e. composition of particles in a given event class) as parameter.
A reasonable estimate of the resolution of a kinematic variable can only be achieved with some
simplifications, that will be described below. For example, it is clear that two events with the same
topology (e. g. one muon and one jet) and with the same
∑︀
𝑝T of the objects will generally have
different resolutions if the kinematics of the objects are different.
4.6.1 Binning
The actual bin edges for the histograms are determined as follows: The kinematic axes (
∑︀
𝑝T,
𝑀 , /𝐸t) range from zero to a maximum value, which is typically the centre of mass energy of the
LHC (7000 GeV in this analysis). To determine the bin edges, the algorithm progresses from zero in
steps of a predefined size (10 GeV in this analysis) and calculates the resolution of the given kinematic
variable according to the defined functions (see below) at that value. If the resolution value is larger
than the difference between the last bin edge and the current value, it progresses by one step size and
repeats. Otherwise, it takes the value as the next bin edge. This way, it is guaranteed that all bins
are always an integer multiple of the step size (i. e. all bins are multiples of 10 GeV in this analysis).
Consequently, the bin size varies within the considered histograms, typically becoming larger with
increasing value of the given kinematic variable.
The calculation of the resolution of the kinematic variable (as a function of that variable) is
described below.
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4.6.2 Sum of Transverse Momenta
One assumption made for the determination of the resolution of
∑︀
𝑝T (as a function of
∑︀
𝑝T) is that,
on average, each particle in an event will carry the same amount of momentum. This means:
⟨𝑝T⟩ ≈
∑︀
𝑝T
𝑁
, (4.5)
where ⟨𝑝T⟩ is the assumed average 𝑝T each object in the event is carrying and 𝑁 is the total number of
objects considered in the event class. The resolution of
∑︀
𝑝T (as a function of
∑︀
𝑝T) in the resulting
event class can then be approximated by:
𝜎∑︀ 𝑝T
(︁∑︁
𝑝T
)︁
≈
√︃∑︁
𝑖
𝑁𝑖 · (𝜎𝑖 (⟨𝑝T⟩))2 + 𝜎2/𝐸t
(︁∑︁
𝑝T
)︁
(4.6)
where 𝑁𝑖 is the number of particles of type 𝑖 (muon, electron, etc.) and 𝜎𝑖 is the 𝑝T resolution of
particle type 𝑖. The resolutions 𝜎𝑖 for the different particle types are described in Sec. 4.6.5. The
resolution of /𝐸t is known as a function of
∑︀
𝑝T (cf. Sec. 4.6.4).
4.6.3 Combined Mass
The determination of the resolution of the combined mass of all particles in an event is more
complicated, as it depends even more on the event topology. Two particles with the same
∑︀
𝑝T and
even the same 𝑝T can have different angular properties, and with it, different mass and resolution.
A rather strong simplification is made at this point: All objects are always assumed to be at 𝜂 = 0 and
equally distributed around 𝜑 in the detector. With this assumptions, the combined mass coincides
with
∑︀
𝑝T and the same resolution can be used.
4.6.4 Missing Transverse Energy
The resolution of the missing transverse energy has been measured as a function of
∑︀
𝑝T of all objects
in an event ([73]). The following function has been fitted to the values in [73, Fig. 11]:
𝜎/𝐸t
(︁∑︁
𝑝T
)︁
= 0.567 ·
√︂∑︀
𝑝T
GeV ·GeV. (4.7)
As /𝐸t is a kinematic variable of interest, a binning of the /𝐸t-axis in the histograms and with it the
/𝐸t-resolution as a function of /𝐸t is needed. For this, another assumption must be made: Although
events with the same value for
∑︀
𝑝T can have quite different /𝐸t, it is assumed that in an event with
a significant amount of /𝐸t, the /𝐸t will be of the same order of magnitude as
∑︀
𝑝T itself. Even more,
for the estimation of the resolution of /𝐸t it is assumed that /𝐸t ≈
∑︀
𝑝T, so that Eq. (4.7) becomes:
𝜎/𝐸t
(︀
/𝐸t
)︀ ≈ 0.567 ·√︂ /𝐸tGeV ·GeV (4.8)
4.6.5 Individual Resolutions
The determination of the 𝑝T resolution of different particles is beyond the scope of this thesis, so that
several CMS sources have been used to estimate these resolutions. The resolution of each particle
type needs to be a simple function of a particle’s 𝑝T. Thus, some simplifying assumptions are
made occasionally. Within the scope of MUSiC, it is more important to have a pragmatic approach
to estimate the resolution than to be precise, as the resulting resolution values are only used to
determine the bin size (cf. Sec. 4.6.1).
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4.6.5.1 Muon Resolution
The 𝑝T resolution of global muons, determined from simulations, can be found in [74]. The fitted
function from [74, Fig. 2, top left] is used throughout the whole 𝑝T range:
𝜎µ(𝑝µT) = 1.5 · 10−4 · (𝑝µT)2 /GeV + 0.016 · 𝑝µT. (4.9)
4.6.5.2 Electron Resolution
In the scope of this analysis, only the energy measurement from the ECAL is used for electrons.
The full ECAL resolution has been determined in [56]. The equation from [56, p. 120] is used as the
energy resolution for the transverse component of the electron’s energy 𝐸eT:
𝜎e(𝐸eT) =
√︂
9 · 10−6 ·
(︁ 𝐸eT
GeV
)︁2
+ 7.8 · 10−4 · 𝐸
e
T
GeV + 1.44 · 10
−2 GeV. (4.10)
4.6.5.3 Tauon Resolution
At the time of this analysis, the reconstruction of HPS τ-leptons was still under development within
CMS. Preliminary results obtained from [75] indicate:
𝜎𝜏 (𝑝τT) = 0.1 · 𝑝τT. (4.11)
4.6.5.4 Photon Resolution
As photons and electrons are reconstructed in a very similar way (an electron is “a photon with a
track” in the tracker), the same values are used for photons as for electrons (i. e. Eq. (4.10)).
4.6.5.5 Jet Resolution
The jet 𝑝T resolution depends on many aspects, e. g. jet 𝑝T, 𝜂, algorithm and type. Extensive studies
have been performed on simulated events, presented in [76]. In the scope of this analysis, only Particle
Flow anti-𝑘T jets are used. Thus, [76, Eq. 7] is used and the most conservative case (2 < 𝜂 < 2.5) is
chosen from [76, Tab. 4], resulting in:
𝜎jet(𝑝jetT ) =
√︁
1.05 + 0.218 · (𝑝jetT /GeV)1.19 GeV. (4.12)
Studies with 2010 data suggest that the resolution is slightly worse than expected from MC ([61]).
4.6.5.6 /𝐸t Resolution
The /𝐸t resolution has been described in Sec. 4.6.4. When /𝐸t is treated as a physics object (rather
than as a kinematic variable), Eq. (4.7) is used.
4.7 Statistical Treatment
The concepts presented in this section have been developed in [5] and [6] and are based on a similar
approach in the H1 experiment at the HERA accelerator (cf. e. g. [12, 13]). It has been successfully
applied to 2010 CMS data in [77]. The statistical methods, especially the properties of the 𝑝-value,
have been studied in detail in [78]. Alternative significance estimators and extensions of the approach
were investigated in [79].
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4.7.1 𝑝-value
In particle physics, and especially when searching for new physics phenomena, it is common practice
to compare the recorded data to an MC prediction, to be able to spot any kind of unexpected
behaviour. However, in general it is not enough to simply compare but it is essential to quantify a
possible deviation.
In MUSiC a 𝑝-value is used as a measure of agreement between MC prediction and data.
4.7.1.1 General Definition
A 𝑝-value can be defined as:
𝑝 = Pr (𝑇 (𝑋) ≥ 𝑇 (𝑋obs)|𝐻0) , (4.13)
where 𝐻0 is a null hypothesis the data shall be tested against, 𝑇 (𝑥) is an appropriate test statistic of
a set of some random data 𝑥, 𝑋 is a set of outcomes from an appropriate random experiment under
the null hypothesis (e. g. from an MC generator), and 𝑋obs is the set of data obtained from an actual
measurement.
4.7.1.2 Specific Approach
In this particular approach, 𝐻0 is the known Standard Model (without the Higgs boson and without
any extensions), 𝑇 (𝑥) is simply the number of events in a bin or region (cf. Sec. 5.3.4.1), 𝑇 (𝑋) is
the number of events from a Monte-Carlo simulation (considering all SM processes) in that bin or
region, and 𝑇 (𝑋obs) is the number of events recorded with the CMS experiment.
Particle physics experiments often focus on an observed number of some kind of rare event. The
probability of obtaining 𝑁 events from such a process is described by the Poisson distribution:
Pr (𝑁) = 𝑒
−𝜇 𝜇𝑁
𝑁 ! , (4.14)
where the parameter 𝜇 is the (true) mean of the distribution. In a simple counting experiment,
where the assumption of an underlying Poisson distribution is justified, and the mean 𝜇 is known,
the 𝑝-value of an observed outcome 𝑁obs = 𝑇 (𝑋obs) can be calculated analytically as:
𝑝 =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
∞∑︁
𝑁=𝑁obs
𝑒−𝜇 𝜇𝑁
𝑁 ! if 𝑁obs ≥ 𝜇
𝑁obs∑︁
𝑁=0
𝑒−𝜇 𝜇𝑁
𝑁 ! if 𝑁obs < 𝜇
. (4.15)
4.7.1.3 Incorporation of Systematic Uncertainties
In general, the exact mean value 𝜇 will never be known and there will always only be a (better
or worse) estimate of the true mean. In MUSiC the estimate of the mean is obtained from MC
simulations, which are imperfect because of theoretical limitations on the cross section, differences
between data and MC in the reconstruction, insufficient number of simulated events, etc. (cf.
Sec. 6.3).
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To account for these (systematic) uncertainties, it is possible to extend the underlying probability
density by defining:
𝑚(𝑥) ≡ Pr(𝑥) =
∫︁
𝛩
𝑓 (𝑥|𝜃)𝜋 (𝜃) d𝜃, (4.16)
where 𝑥 is a potential data outcome, 𝜃 represents one or more model parameters, 𝜋 (𝜃) is the prior
distribution of 𝜃 and 𝛩 is the range of 𝜃.
The 𝑝-value under the prior 𝜋 (𝜃) can then be defined as:
𝑝𝜋 =
∞∫︁
𝑋obs
∫︁
𝛩
𝑓 (𝑥|𝜃)𝜋 (𝜃) d𝜃d𝑥. (4.17)
The integration over 𝑥 is needed to determine the (tail-)probability of observing 𝑋obs or more events
(under the assumption that 𝑓 (𝑥|𝜃) is the underlying distribution function).
This type of 𝑝-value is sometimes referred to as a prior-predictive 𝑝-value (e. g. [80, 81]). For a
counting experiment, 𝑓 (𝑥|𝜃) is the (discrete) Poisson distribution where 𝑥 is the number of (observed)
events and 𝜃 is the mean; the integral must be replaced by a sum. Thus, the 𝑝-value can be written
as:
𝑝𝜋 =
∞∑︁
𝑁=𝑁obs
∞∫︁
0
𝑒−𝜃 𝜃𝑁
𝑁 ! 𝜋 (𝜃) d𝜃. (4.18)
The prior 𝜋 (𝜃) now allows to define a distribution to model uncertainties on the background mean 𝜃.
4.7.1.4 MUSiC’s 𝑝-value
To incorporate systematic uncertainties, MUSiC uses a Gaussian prior function. As a result, the
𝑝-value is calculated as:
𝑝data =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
∞∑︁
𝑁=𝑁obs
𝐶 ·
∞∫︁
0
d𝜃 exp
(︃
−(𝜃 −𝑁SM)
2
2𝜎2SM
)︃
· 𝑒
−𝜃 𝜃𝑁
𝑁 ! if 𝑁data ≥ 𝑁SM
𝑁obs∑︁
𝑁=0
𝐶
⏟ ⏞ 
normalisation
·
∞∫︁
0
d𝜃 exp
(︃
−(𝜃 −𝑁SM)
2
2𝜎2SM
)︃
⏟  ⏞  
systematics
· 𝑒
−𝜃 𝜃𝑁
𝑁 !⏟  ⏞  
statistics
if 𝑁obs < 𝑁SM
. (4.19)
This implementation allows to quantify deficits (𝑁obs < 𝑁SM) as well as excesses (𝑁obs ≥ 𝑁SM).
𝑁SM is the number of expected events (predicted by MC simulation) in a bin or region (cf.
Sec. 5.3.4.1), 𝜎SM represents the uncertainty on the prediction 𝑁SM, containing all known systematic
effects (cf. Sec. 6.3). The factor 𝐶 is a normalisation that is needed because the normal distribution
in Eq. (4.19) is truncated at 0. It is computed as:
𝐶−1 =
∞∑︁
𝑁=0
·
∞∫︁
0
d𝜃 exp
(︃
−(𝜃 −𝑁SM)
2
2𝜎2SM
)︃
· 𝑒
−𝜃 𝜃𝑁
𝑁 ! =
∞∫︁
0
d𝜃 exp
(︃
−(𝜃 −𝑁SM)
2
2𝜎2SM
)︃
. (4.20)
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The underlying density function of the 𝑝-value given in Eq. (4.19) (the convolution of the Normal with
the Poisson distribution) can be interpreted as a Poisson distribution “smeared” out with a Normal
distribution. In other words: The density function (as a function of 𝑁) is composed of one Poisson
distribution for every possible mean value 𝜃 weighted with the normally distributed probability of
that value 𝜃 around 𝑁SM with width 𝜎SM. In the limit 𝜎SM → 0 the Normal distribution becomes a
Dirac delta function and by integrating, the density becomes a Poisson distribution with mean 𝑁SM.
The 𝑝-value described above has some desirable properties that will be summarised briefly:
• When combining bins to regions, the event numbers are simply added up and uncertainties
are added quadratically (uncorrelated uncertainties) or linearly (correlated uncertainties). The
𝑝-value chosen by MUSiC uses a Normal distribution to model uncertainties, since it is well
defined and easy to handle when adding two variables1.
• Depending on the datasets, the desired precision and other input variables, the 𝑝-value will be
computed up to 1010 times in an entire scan. Thus, the computation must be fast.
• The large number of calculated values does not allow human supervision of the results. Thus,
the 𝑝-value must be numerically stable.
However, this 𝑝-value has also some disadvantages:
• No analytical solution can be found (analytic integration of a Normal distribution is impossible).
Thus, there can only be a numerical approximation, which is more time-consuming.
• All uncertainties in one bin or region are condensed into a single value. To achieve this, all
uncertainties are assumed to follow a Normal distribution, which might be a valid assumption
for some of the used uncertainties but will not be true in general (e. g. jet energy scale correction
uncertainties can be seen as a constant offset).
• The Normal distribution is truncated at zero. It has been shown that this leads to
overcoverage ([78]) in case of deficits and if the total uncertainty is of the same order of
magnitude as the expectation value itself.
Some of the described drawbacks could be solved with different distributions for the 𝑝-value (cf. [78])
or a more sophisticated implementation of the 𝑝-value (cf. [79]) but they lead to different problems
like a complicated treatment of regions or numerical instabilities. Hence, the 𝑝-value described in
this section is used for all results.
4.7.2 The “Look-Elsewhere Effect”
The smallest 𝑝-value found in a distribution defines the “Region of Interest” (RoI, cf. Sec. 5.3.4.1).
This 𝑝-value alone cannot be seen as a significance estimator. Since each distribution will generally
contain more than one filled bin, the number of regions that will be scanned for deviations will be
considerably larger than the number of bins. It is not uncommon that a distribution contains 𝒪 (100)
filled bins that lead to 𝒪 (10000) regions that must be considered. The more regions are scanned
for deviations, the more likely it becomes to spot a (large) deviation by pure chance, i. e. caused by
statistical fluctuations. Thus, a new significance 𝑝 must be provided to take these statistical effects
into account.
1The sum of two normally distributed variables is again normally distributed.
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In the simplest approach, all 𝑛 regions are considered to be (statistically) independent and
uncorrelated, and the 𝑝-value is considered to be exact, which means:
Pr(Find a 𝑝-value smaller than some given value 𝛼 under the assumption of 𝐻0.) = 𝛼. (4.21)
With these premises, 𝑝 can be calculated as follows (𝑝data being the 𝑝-value in the RoI):
𝑝 = Pr(Find a 𝑝-value smaller than 𝑝data in any region)
= 1− Pr(Find a 𝑝-value larger than 𝑝data in all regions)
= 1− (Pr(Find a 𝑝-value larger than 𝑝data in one region))𝑛
= 1− (1− 𝑝data)𝑛
(4.22)
However, this approach cannot simply be applied to the described scanning algorithm because regions
are not independent, for at least two reasons:
• One and the same bin will, in general, be part of more than one bin region. The contribution
from one bin will therefore influence the 𝑝-value in several regions.
• As described above, there are uncertainties that are considered correlated between bins.
Variations in these uncertainties will affect all bins and regions in a similar manner.
Because of these limitations, a different approach has been chosen in MUSiC. The MC prediction
is not only important to calculate the 𝑝-value but can also be used as a template to create pseudo-
distributions that represent possible outcomes of a CMS measurement (pseudo-experiments).
Each of the obtained pseudo-distributions is used as input for the algorithm described above. The
hypothetical data points from the pseudo-distributions are compared to the MC predictions the same
way as real data. All possible regions are analysed and a RoI with a 𝑝-value 𝑝pseudo is determined.
In general, this RoI and 𝑝-value will be different from the one obtained from real data 𝑝data. The
found 𝑝-values are used to determine the overall significance 𝑝 for one distribution:
𝑝 = Number of pseudo-experiments with 𝑝pseudo < 𝑝dataNumber of all pseudo-experiments (4.23)
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Analysis
As depicted in Sec. 4.3, the MUSiC analysis consists of several steps that break down the data and
MC samples, bring them to the local storage, select good events and objects, sort the events into event
classes depending on their content, and eventually scan the resulting distributions for deviations.
The details of this procedure will be described in the following sections.
5.1 Step 1 – Skimming
Since data as well as MC samples are distributed over the whole world within the WLCG (cf.
Sec. 3.4), it is common practice to fetch the data to the local storage1 so they can be re-analysed
easier and faster whenever needed. At the same time, it is possible and important to break down
the vast amount of information available for each event into a smaller subset. This is mandatory to
perform event and object selection that follows official recommendations. In this manner the samples
are slimmed, i. e. the needed space at the local storage is reduced.
Slimming and fetching are typically referred to as skimming, which is always a trade-off between
“completeness” and “compactness”. This means that on one hand it is important to extract all crucial
variables (and perhaps those that might become important in the near future) from the events, and
on the other hand not to clutter up the skimmed output with redundant or unnecessary information.
5.1.1 Implementation
The first step is performed almost entirely on the WLCG using CRAB2. Data samples are stored
in the AOD data tier as described in Sec. 3.3.2. In the scope of MUSiC PAT is especially used to
retrieve objects within an edm::Event from the AOD file and access the desired information (cf.
Sec. 3.3.3). The MUSiC Skimmer is implemented as an EDM module (cf. Sec. 3.3.1).
Once the relevant information is retrieved from the file, a very soft pre-selection is performed
in order to reduce the needed local disc space. Since many low-energy particles are expected that
would never pass the actual selection (cf. Sec. 7.3), they are removed at this point. Electrons,
muons, tauons and photons must have 𝑝T > 5 GeV and jets must have 𝑝T > 20 GeV in order to be
considered in the further analysis. Objects passing this pre-selection are then stored with help of the
C++ based Physics eXtension Library (PXL), developed in Aachen ([84]). PXL has been designed to
easily store physics events, objects and associations into a common container that can be written to
a PXL-specific streamer file. Once the skimming jobs are finished, these files (typically called .pxlio
files) are moved to the local dCache storage in Aachen. These .pxlio files (now located at the local
dCache) are the input for the classification step described below.
The size of the events stored within the PXL-specific data format is reduced from about 1 MB/event
to 1 kB/event to 10 kB/event depending on the type of the dataset (data or MC) and the content of
the sample. A sample with many expected objects in the final state (for instance tt) will need more
disk space (per event) than a sample with a small number of particles (e. g. DY to leptons).
1dCache storage at the Aachen Tier-2 (cf. [82]).
2CMS Remote Analysis Builder (cf. [83])
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Some parts of the reconstruction have to be redone (e. g. τ-lepton reconstruction) at this stage.
Also the filling of the (high level) PAT objects (cf. Sec. 3.3.3) can only be done immediately before
the actual skimming module runs. These and other aspects result in a speed of around 0.3 event/s
to 3.0 event/s for the skimming step, again depending on the type of the dataset and content of the
sample and the type of the invoked CPU. Since MUSiC uses a large number of samples (cf. Chap. 6),
this is the most time consuming step of the analysis, even though it is highly parallelised. The overall
time scale to complete this procedure is in the order of weeks.
5.2 Step 2 – Classification
All events obtained in the skimming step are now systematically processed the same way: Trigger
and selection cuts (cf. Sec. 7.2) are applied to decide which events and objects to keep. Then the
events are sorted into event classes (cf. Sec. 5.2.1) according to their content.
5.2.1 Event Classes
The objects (cf. Sec. 4.4) remaining in each event after the selection (cf. Sec. 7.3) has been applied,
define the event class(es) it is sorted into. Thus, an event class is, in general, not identical with
the corresponding physical final state. Within MUSiC, three different kinds of event classes are
distinguished:
• Exclusive Event Classes: An exclusive event class is defined by the explicit object content
of an event, i. e. all events with exactly the same content are sorted into the same exclusive
event class (and into no other). E. g. all events with the content:
1e+2µ+0τ+0γ+1jet+0/𝐸t
will be sorted into the exclusive 1e+2µ+1jet event class.
• Inclusive Event Classes: An inclusive event class is defined by at least the object content an
event has to have, in order to contribute to that class. The class name consists of the required
objects and a “+X” symbolising the inclusiveness, i. e. the fact that events with any additional
combination of objects will contribute to that event class as well. E. g. all events containing at
least one muon (1µ, 1µ+1jet, 2µ, 2µ+1jet, etc.) will be sorted into the 1µ+X event class (but
also in all other possible inclusive event classes).
In general one and the same event will be sorted into several different inclusive event classes.
This is demonstrated for one example event (containing one electron, two muons and one jet)
in Fig. 5.1.
When filling an event into inclusive event classes, always the highest energetic particles from
that event are considered. In the example in Fig. 5.1 this means that, when filling e. g.
1e+1µ+X, the electron and the higher energetic of the two muons from that event will be
filled into the event class. Consequently, the variables of interest (
∑︀
𝑝T, mass) are calculated
from the properties of these particles.
Although there are no explicit constraints on event topologies, events can only enter the analysis
by fulfilling the trigger requirements. In this analysis, different data streams (cf. Sec. 3.2.7.2)
are used that will be discussed in Sec. 7.2. To given an example: In case e. g. only SingleMu
and SingleElectron data streams are used, each event must contain at least one muon or one
electron. Consequently, only (inclusive) event classes containing at least one of these particles
are filled.
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• Semi-inclusive Event Classes: As described in the item above, only event classes
corresponding to the required trigger topology are considered for the full analysis. This
restriction can be loosened by allowing inclusive event classes that do not have to fulfil any
topological requirements. E. g. (following the example above) an event containing one electron
and one jet will be sorted into the exclusive event class 1e+1jet and into the inclusive event
classes 1e+X and 1e+1jet+X, but now also filling it into the semi-inclusive event class 1jet+X*.
This event class is considered “semi-inclusive” because the “+X*” now indicates that there also
must be at least one muon or one electron in the events contributing to this event class (in
case only SingleMu and SingleElectron data streams have been considered).
Since the interpretation of this kind of event classes is difficult, they are excluded from the actual
analysis and are only considered for validation and cross-check purposes (cf. e. g. Sec. 8.1.2.1).
There is no explicit selection or restriction to the composition of the set of event classes. All events
found in the selected data streams and MC samples undergo the same procedure of classification,
and thus implicitly determine the set of event classes to be analysed. This means that there is no
restriction on the number of objects (e. g. “consider only event classes with less that 𝑁 jets”) in the
analysis. It also means that only event classes are created that correspond to the topologies found
in the input MC and data events (i. e. no empty event classes are created).
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Figure 5.1: Illustration of the classification of one event. The event containing one electron, two muons and
one jet is sorted into exactly one exclusive event class with corresponding content (top), and into
several inclusive event classes. This procedure is performed for all data and MC events passing
the selections defined in Chap. 7.
5.2.1.1 Lepton Charges
In the course of the analysis of data recorded in the year 2010, an additional mode has been
implemented and successfully used within the MUSiC framework. This analysis mode allows to
consider lepton (electron and muon) charges, when building event classes (cf. [77]). τ-lepton charges
are not considered in this mode, as tauons are primarily reconstructed from PF jets (cf. Sec. 3.2.8.7)
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and the assignment of charges to jets is not reliable. The charges of all leptons in an event are added
up and the resulting total charge
𝑄 =
⃒⃒⃒⃒
⃒∑︁
𝑙
𝑞𝑙
⃒⃒⃒⃒
⃒ , (5.1)
where the sum runs over all leptons 𝑙 in the event and 𝑞𝑙 stands for the charge of one lepton, is used
to differentiate the event and the resulting event class. By counting the charge of the leptons events
with the same topology (e. g. two muons and one electron) will be sorted into different event classes:
1e+2µ[1Q] and 1e+2µ[3Q]
where [𝑁Q] symbolically stands for the total absolute value of the charge of all leptons in the event
class (if there is more than one lepton in the event class).
Event classes considering lepton charges can help to spot interesting final states as most
SM processes only predict combinations of “opposite sign” lepton pairs (charge conservation), so
that the total charge in SM events should be zero. Resulting event classes however can have a
non-zero total charge if one of the leptons does not pass the selection or has a wrongly assigned
charge.
One drawback of this method is that more event classes arise from the charge separation that have
to be analysed (i. e. more computing time is needed). The charge determination of the leptons is
also associated with difficulties especially in the high-𝑝T regime, leading to additional uncertainties
to be considered in the scanning, resulting in potentially reduced sensitivity (cf. Sec. 6.3.6).
5.2.2 Implementation
The classification, as described above, is done with help of a C++ stand-alone framework developed
and maintained in Aachen. The .pxlio files created in the skimming step described in Sec. 5.1 are
read from the local dCache, trigger information is evaluated, selection criteria are applied. All events
are fed into the so called ControlPlotFactory and the EventClassFactory. These are PXL derived
classes that provide functionalities for an event by event analysis. The ControlPlotFactory fills
histograms with various event and object variables. In the EventClassFactory for each event passing
the selection, the corresponding exclusive and (semi)inclusive event classes are determined and
created, if not already present. The implementation of the event classes follows a C++ object oriented
approach, where each event class is represented by an instance of a C++ object called TEventClass.
This class is derived from a basic ROOT class which allows the use of built-in functionalities. Especially
ROOT’s input/output management (.root files) is used to write the output of the classification to disk
that can be easily used as input to the Scanner (cf. Sec. 5.3). Besides this, the TEventClass has
capabilities to store scaling factors, cross sections (of the MC processes), number of events, systematic
uncertainties and other related information.
The classification step can run in parallel, where each job takes a limited number (𝒪 (20)) of .pxlio
files. Each .pxlio file typical contains 𝒪 (10000) events, depending on the sample type. With the
current implementation, about 300 event/s to 500 event/s can be classified.
The implementation allows running on the local Condor ([85]) cluster or on the local Tier2, which
is part of the WLCG, with help of gLite ([86]). Depending on the available resources and the
current performance of the computing structures (maintenance, failures, etc.), a full classification of
all relevant data and MC samples can be performed within a few hours.
After the classification, an important intermediate step is the merging of the output files.
Particularly the histograms stored within the MC-TEventClass must be added and re-scaled to
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luminosity and cross section taking into account all events from all parallel classification processes.
Since a typical classification delivers several hundred .root output files containing event classes, the
merging process can take several hours.
5.3 Step 3 – Scanning
The final step, called scanning, consists of several important sub-steps that will be described below.
5.3.1 Choice of Input
In order to be able to choose from different samples when assembling a description of the SM, typically
a broad but sensible subset of the available MC samples is skimmed.
An MC sample can represent an inclusive SM process (e. g. production and inclusive decay of
tt pairs), an exclusive SM process (e. g. production and exclusive decay of ZZ to electrons and
muons) or an SM process “binned” by some kinematic property (e. g. production of Drell-Yan with
𝑀ll > 50 GeV), etc.
Often, samples describing the same physics process have been generated with different MC
generators or focus on different production aspects (e. g. events produced with an NLO generator vs.
events produced with an LO generator, but with more simulated jets on the matrix-element level)
(cf. Sec. 6.2.2).
This choice of samples, describing the SM, is not irrevocable and can be adapted if new samples
become available or present samples have been omitted in first place. A full list of MC samples used
in this analysis will be given in Sec. 6.3.1.
5.3.2 Scanning for Deviations
Once the ensemble of MC samples is defined and the data streams of interest have been chosen,
the set of event classes to be analysed is fixed. The central task of the Scanner is the calculation
of 𝑝-values. The Scanner is constructed generically, and needs three variables as input in order to
compute one 𝑝-value:
• number of measured events: 𝑁
• number of expected events: 𝐵
• systematic uncertainty on the number of expected events 𝜎.
These three values can have different origins (see below). The resulting probability (𝑝-value) is a
measure of the degree of agreement between the MC simulation and the measured data (cf. Sec. 4.7.1).
The 𝑝-value is the probability of obtaining a measurement that is at least as extreme as that given
by the data, assuming that the null hypothesis (the SM prediction) is true. Thus, a large 𝑝-value
(close to 1) denotes a good agreement between prediction and measurement, while a small 𝑝-value
(≪ 1, but always > 0) shows a discrepancy.
The details on how the 𝑝-value is computed within the MUSiC framework have been given in
Sec. 4.7.1. In case there is no prediction for the expected number of events (𝐵 = 0) and for the
uncertainty (𝜎 = 0) but one or more data events have been found in a region or event class (see
below), no 𝑝-value can be calculated. The corresponding event class must be examined in detail. In
practice, this happens only in rare cases.
There are two basic modes to scan for deviations that will be described below.
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5.3.3 Mode 1: Integral Scan
A first and important inspection is, to determine the integrated number of data and MC events (and
uncertainties) and, from these numbers, to compute one 𝑝-value for each event class.
This procedure creates an overview of all event classes in a comparably short time, since there is
always only one entry per event class that has to be analysed. At this stage, pseudo-experiments
(cf. Sec. 5.3.6) are used to create a distribution of expected 𝑝-values, which is compared to the one
obtained from data.
This method makes it easier to spot large discrepancies between data and MC, at an early stage
of the analysis. Discrepancies of non-physical origin that would likely show up in this scanning mode
are wrong luminosity scaling, inadequacy in the assumed cross sections or missing important SM
processes.
5.3.4 Mode 2: Search for the Region of Interest
In contrast to the integral scan of the whole event class, each binned (kinematic) distribution in every
event class can be scanned for deviating regions. In MUSiC, a region is a set of adjacent bins with
almost arbitrary initial and final bin. From all filled (MC or data) bins in a distribution in an event
class, all possible regions are constructed and for each obtained region one 𝑝-value is computed.
5.3.4.1 Construction of Regions
The construction of regions is demonstrated for three bins in Fig. 5.2. In this example, Bin 1, Bin 2,
Bin 3 each define one region, the combinations Bin 1 & Bin 2, Bin 2 & Bin 3 each define one region
and the combination of all three bins also defines one region. This scheme is extended to all bins
in an actual distribution (cf. Sec. 5.3.4.2, Sec. 5.3.4.3). In general, if there are 𝑛 bins, there will be
𝑛(𝑛+2)
2 connected bin regions.
Bin 1 Bin 2 Bin 3
# e
ve
nts
variable
Region 1 Region 2 Region 3
Region 4
Region 5
Region 6
Figure 5.2: Illustration of the construction of regions from adjacent bins in an arbitrary distribution. The
blue histograms represent events filled in bins. Regions can overlap or even completely contain
other (smaller) regions.
Each bin 𝑖 consists of a set of information:
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• Number of data events in each bin 𝑖: 𝑁𝑖.
• Weighted (cf. Sec. 6.2.7) number of background events from each MC sample 𝑗 contributing to
the given event class: 𝐵𝑖,𝑗 .
• A set of uncertainties of different type3 𝑘 for each contributing MC sample 𝑗 in the bin 𝑖: 𝜎𝑖,𝑗,𝑘.
When constructing a region, the different uncertainties are treated according to their nature. One
uncertainty value 𝜎𝑘(region) for each type of uncertainty 𝑘 is computed from the different MC samples
contributing to the bins contained in that region. Within MUSiC, all uncertainties are considered
either fully correlated or fully uncorrelated. Aspects of the different types of uncertainties and their
treatment will be discussed in detail in Sec. 6.3.
The regions are constructed from the contained bins as follows:
• All data events from all bins are added up:
𝑁(region) =
𝑛bins(region)∑︁
𝑖
𝑁𝑖 (5.2)
• All (weighted) events from all contributing MC samples for all bins in the region are added up:
𝐵(region) =
𝑛bins(region)∑︁
𝑖
𝑛samples(region)∑︁
𝑗
𝐵𝑖,𝑗 (5.3)
• All types of uncertainties are added up quadratically:
𝜎(region) =
⎯⎸⎸⎷𝑛types∑︁
𝑘
𝜎2𝑘(region) (5.4)
With 𝑁(region), 𝐵(region), 𝜎(region) the value 𝑝(region) can be calculated for each possible region.
The bin region with the numerically smallest 𝑝-value in each distribution is called the Region of
Interest (RoI).
5.3.4.2 Constraints on Regions
When constructing a region, bins that can never be filled are excluded from that region (and with it
from the scan). Due to the applied thresholds on the momenta of the considered objects (summarised
in Tab. 4.1 and given by the trigger object selection described in Sec. 7.2), the kinematic distributions
of interest are never filled below a lowest bin. In general, this lowest bin is defined by the kinematic
distribution, the event class topology, and the given momentum thresholds.
Especially in the
∑︀
𝑝T distributions the lowest filled bin is different for every event class4. The
mass of any event topology can always extend to zero, so that the lowest filled mass bin is the first
3Cross section uncertainty, reconstruction efficiency uncertainty, jet energy scale uncertainty, etc.
4For example: In the event class 1e+1µ, the lowest possible muon transverse momentum is 35 GeV (defined by the
trigger object selection), while the smallest possible electron transverse momentum is 25 GeV (defined by the object
selection). Consequently, no (MC or data) events will be filled below 60 GeV and no bins below the bin containing this
threshold will be considered when constructing regions. In the corresponding event class containing one jet 1e+1µ+1jet,
the minimum possible
∑︀
𝑝T increases to 110 GeV (𝑝jetT > 50 GeV). This scheme extends to all event classes.
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bin in every event class (i. e. no constraint). In the /𝐸t distributions, the lowest filled bin is always
that containing the /𝐸t threshold value5, independent of the event class.
A region can always extend to the last bin in every distribution. This bin is defined by the centre
of mass energy of the LHC, i. e. no (artificial) constraint on the upper bound of a region.
5.3.4.3 Size of Regions
In order not to favour regions with a small 𝑝-value, caused by statistical fluctuations in one bin,
a region must consist of at least three bins when considering
∑︀
𝑝T and /𝐸t distributions. Since
deviations in these distributions, potentially caused by new physics, are expected to be rather broad,
this requirement should not spoil the sensitivity.
In contrast to this, potential resonances in the mass distributions expected from BSM physics may
be very narrow, so that in all scans of these distributions, regions consisting of one or two bins are
also considered.
5.3.4.4 Low Statistics Treatment
Since MUSiC has no explicit restrictions on the investigated event classes and the event phase space,
it is almost inevitable that in some distributions of some event classes the simulated number of
events will be insufficient. This can happen especially when an SM (sub-)process has a comparably
large cross section (e. g. QCD multi-jet production, cf. App. B) or is very rare in LHC conditions
(e. g. associated ZZZ production), so that no corresponding MC sample has been produced centrally.
Especially in the former case case it is desirable to produce MC samples with additional or more
accurate events, which is not always feasible as it is typically associated with a major effort (i. e. the
entire CMS detector simulation and reconstruction chain has to be run).
However, it is only possible to calculate a 𝑝-value (as defined in Sec. 4.7.1) if the expectation (in
a bin or region) is non-zero. More strictly speaking, it is necessary for at least the uncertainty to be
non-zero.
To account for potential lack of statistics in MC samples, a pragmatic procedure has evolved in
MUSiC, that is illustrated (for one possible MC process in an arbitrary distribution) in Fig. 5.3 and
will be described below:
1. In every distribution of every event class, determine the lowest (possibly) filled bin 𝑏min (this
bin is independent of the used MC samples):
- For
∑︀
𝑝T this bin is defined by the sum of the 𝑝T thresholds of the (triggering) objects. It
highly depends on the event class topology and the given selection.
- For 𝑀 , the smallest possible value is always zero (and thus the lowest bin to be filled is
the first bin), independent of topology and selection.
- For /𝐸t the smallest bin to be filled is simply defined by the selection threshold for the
missing transverse energy.
2. In every distribution of every event class, determine the highest filled bin 𝑏max,𝑗 and the centre
of this bin 𝑐max,𝑗 for every contributing MC sample 𝑗. As most SM processes predict a steep
drop in the event numbers with increasing kinematic values (
∑︀
𝑝T, 𝑀 , /𝐸t), it is assumed that
a process will no longer contribute significantly at twice the highest filled value (for the given
variable). Thus, the bin 𝑏2 𝑐max,𝑗 containing 2 · 𝑐max,𝑗 is considered the last bin to be filled.
5Always 50 GeV in this analysis.
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{
Arbitrary MC sample j
Filled Uncertainty
Lowest filled bin: bmin = 3
cmax,j = 350 GeV
b2cmax,j
Nbins0,j
1
Fill-Up: m .
{
Highest filled bin: bmax,j
Figure 5.3: Schematic illustration of the low statistics fill-up in MUSiC. The blue area represents one (of
potentially several) MC samples in a distribution.
3. For each contributingMC sample 𝑗 (in a distribution), count the number of bins𝑁bins0,𝑗 between
𝑏min and 𝑏2 𝑐max,𝑗 that contain no contribution of that sample.
4. In every bin not containing a contribution of sample 𝑗, virtually increase the number of events
in that bin by 𝑁fill-up,𝑗 = 𝑚 · 1𝑁bins0,𝑗 (these filled events are not used for the calculation of the
𝑝-value) and the uncertainty by 𝜎fill-up,𝑗 = 𝑚 ·
√︁
1
𝑁bins0,𝑗
. This choice (including the choice of 𝑚)
is, in some sense, arbitrary, and will be discussed below.
MC samples not contributing to an event class are not considered at all in the fill-up procedure.
Discussion of the Fill-up
It is reasonable to assume that an SM process will also contribute in empty bins that lie between filled
bins. Furthermore, for most processes, there is no reason to assume that the contribution will stop
at any value of the kinematic variable smaller than the centre of mass energy of the LHC, although
it will drop rapidly for most processes.
Every non-contributing bin found provides an additional piece of information. Thus, it makes sense
to reduce the per-bin fill-up induced by an MC sample 𝑗 with increasing number of non-contributing
bins 𝑁bins0,𝑗 .
The algorithm is meant to be conservative in the sense that it does not try to make an estimate
on the expected number of events in the non-contributing bins but only provides an estimate for the
uncertainty (𝜎fill-up,𝑗) on the number of events expected from a sample (𝑗) in these bins.
Making estimates about the shape of a distribution is not trivial in general, especially for a large
number of processes for different kinematic variables. Thus, the algorithm is also conservative
concerning the shape: No specific shape is assumed for any SM process and the fill-up simply increases
the uncertainty of every non-contributing bin by the same value (for each MC sample).
66 Chapter 5 Analysis
When invoking a fill-up procedure like the presented one, it is desirable not to artificially inflate
uncertainties as they can spoil the sensitivity of the algorithm. Several variants of the fill-up procedure
have developed over time:
I. In the simplest version, the value 𝑚 = 1 is chosen. In this case, every MC sample 𝑗 gives
rise to the same fill-up, only depending on the number of non-contributing bins (in a given
distribution) 𝑁bins0,𝑗 . This choice has the disadvantage that no sample specific weights and
scaling factors (resulting from luminosity normalisation, pile-up reweighting, etc., cf. Sec. 6.2.7)
are considered6.
II. It seems more evident to set 𝑚 to one “weighted event” of the given process, i. e. 𝑚 = 𝑤Lumi
(cf. Sec. 6.2.7). This creates a sample dependent fill-up but can cause non-sensible values
to be filled. In some (extreme) cases, a process can have a large scale factor (𝑤Lumi ≫ 1,
cf. Sec. 6.2.6), while the contributing events have a very small pile-up weight (𝑤PU ≪ 1) (cf.
Sec. 6.2.3). In these cases the overall contribution of a given process can be very small (sum of
weights . 1), while the fill-up per bin will be comparably large (> 1)7.
III. A more natural fill-up arises if 𝑚 is set to one “average event” of that process in that
distribution. 𝑚 is then defined as the integral (sum of weights) of that process divided by
the number of entries filled in the given distribution by the given process. Thus, the fill-up
considers the sample and event specific weights, but cannot grow unnaturally large (in particular
not larger than the sum of weights of the given process). This method also takes the available
statistics in each sample into account. Two samples with the same integral (sum of weights) will
yield a different fill-up, if the number of entries is different. The higher the number of entries,
the more reliable the sample is considered and the smaller the fill-up contribution becomes.
In the current implementation of the MUSiC algorithm, method III. is used in all distributions. In
order not to blow up the systematic uncertainties unnecessarily, the resulting fill-up uncertainty is
only used in regions where data show an excess with respect to the SM expectation.
5.3.5 Runtime Optimisation
The large number of event classes, distributions, bins and resulting regions, makes it desirable to
reduce the number of actually scanned regions and event classes in case they are obviously not
significant at all.
5.3.5.1 Skipping Regions of Interest
(This is only relevant in Mode 2, cf. Sec. 5.3.4.) As the calculation of the 𝑝-value is time consuming,
it is never calculated if a region meets any of the following criteria (thus, this region can never become
a RoI):
6Consider two samples having the same distribution (especially the same non-contributing bins) but scale factors that
differ by a large factor. Both samples would give exactly the same fill-up.
7Consider a QCD multi-jet MC sample, where 𝑤Lumi (cf. Sec. 6.2.6) can be as large as 1000 to 10 000 (cf. App. B) and
in rare cases only 𝒪 (1) entries are filled into a distribution and the pile-up weight (cf. Sec. 6.2.3) is 𝑤PU = 𝒪
(︃
1
𝑤Lumi
)︃
for these events and 𝑁bins0 = 10 this would give 𝜎fill-up = 𝑤Lumi ·
√︃
1
𝑁bins0
= 1000 ·
√︃
1
10
≈ 300. The overall contribution
of this process to this distribution will be negligible but the algorithm would cause a non-negligible fill-up in non-
contributing bins.
5.3 Step 3 – Scanning 67
• MC expectation is close to zero with respect to the uncertainties (three standard deviations)
and the number of observed events is zero. Such a region cannot become significant and is
never considered as a RoI. Besides, the used 𝑝-value can lead to overcoverage in such a region.
• Number of observed and predicted events differ by less than one standard deviation in that
region (𝜎(region)). This option is used when the number of generated and analysed pseudo-
experiments (cf. Sec. 5.3.6) is large (𝒪 (︀106)︀).
• MC expectation is less than one and the number of observed events is zero. This helps to
suppress event classes and regions arising from very low cross section processes and/or extreme
phase space.
5.3.5.2 Skipping Scanning of Event Classes
In Mode 2 (cf. Sec. 5.3.4), once a RoI has been found and the 𝑝-value has been calculated, the scanning
of an event class can be skipped completely if the 𝑝-value in the RoI is larger (i. e. less significant) than
a given threshold8. The LEE9 corrected significance 𝑝 can never be smaller (i. e. more significant)
than the direct 𝑝-value in the RoI (providing the number of analysed pseudo-experiments is large
enough to give a statistically sensible result).
The criteria above are applied to all regions in all event classes and can lead to event classes where
all regions are skipped (no RoI is selected) and no 𝑝 is determined. In such a case, the event class is
not considered further and is not used in the global result (cf. Sec. 5.3.7).
In Mode 1 (cf. Sec. 5.3.3), an event class is skipped if the total number of expected MC events is
smaller than one and the number of data events is zero. This reduces the number of event classes to
be analysed by a factor of roughly two.
5.3.6 Generation of Pseudo-Experiments
A pseudo-experiment is a set of hypothetical distributions obtained from the original MC distributions
by randomising the MC expectation according to its statistical and systematic uncertainties. The
details of the procedure used by the MUSiC algorithm are described below.
To generate hypothetical distributions, the expectation values 𝐵𝑖,𝑗 and the uncertainties 𝜎𝑖,𝑗,𝑘
mentioned above (cf. Sec. 5.3.4.1) are used to randomly generate one pseudo-entry in every bin 𝑖 of
every distribution.
Due to mathematical limitations, MUSiC can only work with normal distributions (𝒩 (𝑥;𝜇, 𝜎))10
as priors. Thus, only Gaussian density functions are used to obtain pseudo-data.
For uncertainties that are known as an absolute value bin-by-bin, one random number is obtained
from a unit normal distribution (𝒩 (𝑥; 0, 1)) and later multiplied by the (absolute) uncertainty in
each bin. This value is used as the deviation from the mean value in “units of standard deviations”.
Uncertainties known as relative numbers are randomised according to the known numbers (i. e.
𝒩
(︁
𝑥; 0, 𝜎rel𝑖,𝑗
)︁
) and then multiplied in each bin with the (total) number of expected events to obtain
the contribution to the deviation (in that bin).
Uncertainties on cross sections are, in general, known as relative numbers, and thus treated in a
similar way. The cross section value for each MC sample 𝑗 is obtained from a normal distribution with
a mean of one (i. e. 𝒩
(︁
𝑥; 1, 𝜎cross sec.,rel𝑗
)︁
), and then multiplied by the total number of events in that
8A typical value for that threshold is 0.3, corresponding to approximately 1 Gaussian standard deviation (cf. App. A).
9Look-Elsewhere Effect
10𝒩 (𝑥;𝜇, 𝜎) = 1
𝜎
√
2𝜋 exp
(︁
− (𝑥−𝜇)22𝜎2
)︁
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bin coming from sample 𝑗, so that the result is an absolute number of events (for each contributing
MC sample 𝑗 in each bin 𝑖).
For uncertainties that are assumed to be correlated between bins (and event classes), the same
randomised value is used in all bins (and event classes), e. g. a value of 1.5 will cause a deviation of
1.5 · 𝜎corr𝑖,𝑗,𝑘 in each bin 𝑖 for the sample 𝑗 for the correlated uncertainty 𝑘.
The results received from the methods described above are added up to yield a new mean value
for each bin 𝐵new𝑖 . To account for the statistical uncertainties on the number of entries in each
bin (resulting from the contributions of different MC sample in a bin), this new mean value is
randomised with a Normal distribution around that value and with a standard deviation according
to the statistical uncertainties of the individual MC entries:
𝒩 (︀𝑥;𝐵new𝑖 , 𝜎stat𝑖 )︀ , (5.5)
where 𝜎stat𝑖 is the square root of the sum of the squares of all weights from all contributing MC
samples in bin 𝑖:
𝜎stat𝑖 =
⎯⎸⎸⎷∑︁
𝑗
∑︁
𝑙
𝑤2𝑖,𝑗,𝑙 (event), (5.6)
where 𝑤𝑖,𝑗,𝑙 (event) is the event-dependent weight for each MC entry 𝑙 from sample 𝑗 in bin 𝑖 (as
described in Sec. 6.2.7), 𝑙 runs over all entries from sample 𝑗 and 𝑗 runs over all samples in bin 𝑖.
The final pseudo-entry (in a bin 𝑖) is now obtained from a Poissonian distribution with (true)
mean value obtained from a randomisation with the Normal distribution defined by Eq. (5.5) and
Eq. (5.6).
If no MC prediction and no uncertainty (cf. Sec. 5.3.4.4) is available in a bin, no randomised value
can be obtained and that bin stays empty.
Each pseudo-distribution generated in this way is used as input to the same scanning algorithm as
the original data distribution and one RoI is identified (in Mode 2). The obtained 𝑝-values are used
to compute 𝑝 (for each considered distribution) (cf. Sec. 4.7.2).
Although in Mode 1 no Look-Elsewhere Effect has to be considered, the pseudo-experiments are
still generated as they are used for the global presentation of the results (see below).
5.3.7 Presentation of Results
The analysis of the pseudo-experiments allows to construct an expected distribution of significances
in the MC, taking correlations between event classes into account.
There is no reliable method to compute one value expressing the significance of the scan of the
whole dataset, i. e. a “combined” significance of many analysed distributions (in many event classes).
Instead the results of the MUSiC scanning algorithm are displayed “graphically”. A schematic of a
global result plot is given in Fig. 5.4. It will be described in more detail below.
For each distribution the algorithm produces one value (𝑝data in Mode 1, 𝑝data in Mode 2)
quantifying the significance obtained in data and a set of significances ({𝑝pseudo}, {𝑝pseudo}) obtained
from the pseudo-distributions compared to the original MC-distribution. Since the focus of every
search for new physics lies on large deviations (i. e. small 𝑝-values in the scope of MUSiC), the
negative decadic logarithm of the computed significances is plotted. This way, large significance, i. e.
small 𝑝-values, are emphasised. The significances obtained from the pseudo-experiments are used as
the “expected” distribution of significances, the significances obtained from data-MC comparison are
plotted overlayed.
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or
schematic
Figure 5.4: Schematic of a global result plot. The blue histogram represents the expected distribution of
significance ({𝑝pseudo} for Mode 1 and {𝑝pseudo} for Mode 2, respectively) and black markers
represent a possible distribution of significances found in data-MC comparison. The histogram is
normalised to the total number of scanned event classes. The blue dashed lines show the 𝑝-values
translated to Gaussian standard deviations (according to App. A).
In Mode 1 {𝑝pseudo} is the set of the 𝑝-values calculated in each pseudo-experiment.
In Mode 2 one 𝑝pseudo is computed for each generated pseudo-distribution for each event class.
The 𝑝pseudo computed for one obtained pseudo-distribution (round) is calculated as:
𝑝pseudo(round) =
Number of pseudo-experiments with 𝑝pseudo < 𝑝pseudo(round)
Number of all pseudo-experiments− 1 (5.7)
The set {𝑝pseudo} of the resulting 𝑝pseudo-values is used as the expected distribution of significance
from the SM only hypothesis. A typical plot from a full scan can be found in Fig. 8.11 on page 129.
The obtained significance plots allow to spot distributions that deviate “too much” to be explained
by statistics fluctuations and/or by known systematic effects. The interpretation of these distributions
is an important part of the MUSiC analysis.
5.3.7.1 BSM Sensitivity Studies
In order to test the sensitivity of MUSiC, it is possible to use a simulated BSM physics process in
combination with the SM prediction as input to the algorithm, instead of measured data. From the
SM (background) predictions combined with such a signal, pseudo-experiments (potential outcomes
of a CMS experiment, Sec. 5.3.6) can be generated that are compared to the MC expectation. The
resulting distributions (obtained from the randomisation of the SM prediction in combination with
a BSM signal) are referred to as pseudo-data. In order to receive a statistically representative result,
not one but a sufficiently large number (typically 100) of pseudo-data distributions is generated.
For each of the resulting pseudo-data distribution, one 𝑝signal is calculated and with it one 𝑝signal
is computed. For the presentation of the results, in each bin of the resulting 𝑝signal distribution,
the average expected number of resulting event classes (from the pseudo-data distributions) and the
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standard deviation (indicating the “spread” of event classes in that bin) is drawn. This allows a
prediction of the expected number of potentially deviating event classes and their distribution (in
case a particular BSM model is realised in nature).
5.3.8 Implementation
The scanning algorithm takes as input two ROOT files containing TEventClass’s. One of these files
must contain the SM background, i. e. the output of all processed MC samples in the classification
step. Another file must be given, either containing the actual classified data, or a classified MC
sample, that is interpreted as a BSM physics signal (i. e. for sensitivity studies).
In general, there will be a large number of MC samples provided by the CMS collaboration,
representing SM (and BSM) processes. Often, one and the same SM process will be available in
different versions, as there are several different MC generators, and every generator can be used with
different settings. To keep the analysis most flexible, all meaningful MC samples are skimmed and
classified and a reasonable set of samples (building a complete representation of the SM) has to be
chosen as input to the scanning algorithm. The experiences with the 2010 ([77]) and 2011 CMS
data analysis (results presented in Part III) have shown that samples produced with many jets on
matrix-element level (especially MadGraph samples) give the best overall agreement between data
and MC, so that these are chosen whenever available. In other cases, samples providing higher order
calculation of the matrix elements are chosen (e. g. produced with Powheg). The full list of used
samples is given in Tab. 6.3, Tab. 6.4 (see also App. B) and will be discussed in Sec. 6.3.1.
The Scanner is implemented as a set of stand-alone python scripts that act as a steering for the
actual randomisation and 𝑝-value-calculation programs. These programs, on the other hand, are
implemented in C++ as they are the most time critical of the scanning. Here the above-mentioned
computation of 𝑝-values and determination of the RoIs takes place, as well as the generation of
pseudo-experiments. The implementation allows (in principle) to easily switch between different
scanning algorithms if desired. It is also possible to run the scanning in parallel, considering all
correlations mentioned above. The only restriction at the moment is that the parallelisation can only
take place on one machine, with as many cores as possible. For this purpose, a dedicated multi-core
machine in Aachen is used.
The results of the scanning are histograms created with help of ROOT, containing the data/signal –
MC comparison and detailed information about each analysed distribution, that are stored in
one .root file. In addition to this, information from all generated pseudo-experiments is stored
in python .pkl11 files, so that the distribution of 𝑝-values and/or 𝑝-values can be examined offline,
i. e. without re-invoking the scanner. The created .root file has a size of 𝒪 (10 MB), the resulting
.pkl file(s) can take up to several GB, depending on the number of generated pseudo-experiments.
The speed of the scanning highly depends on the number of pseudo-experiments the user wants
to generate and on the deviations found in data. The larger the number of pseudo-experiments, the
higher the precision and the statistical stability of the computed 𝑝-values. A typical scan of the
full 2011 dataset with 105 pseudo-experiments (for one variable) takes 𝒪 (1 h) on a 64-core-machine,
corresponding to around 3 CPU-days.
In particle physics a significance of 5 Gaussian standard-deviations is a typical threshold for a
discovery. This corresponds to a 𝑝-value of 5.7 · 10−7, for which a representative scan will need up
to 2 · 106 pseudo-experiments (allowing to compute a 𝑝 as small as 5 · 10−7).
11python pickle format: Allows easy serialisation/de-serialisation of python objects/data structures.
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In this chapter, the used data and MC samples are listed and described. Furthermore, the
determination of all used uncertainties will be given. All values mentioned refer to 2011 data and MC.
6.1 Data
In the year 2011, LHC provided 6.13/fb to the CMS detector, which in turn was able to
record 5.55/fb ([1]). In total 5.05/fb have been recorded with all CMS subsystems fully operational
and thus certified1. With a measured total proton-proton cross section of 98.6 mb ([87]), this results
in about 5 · 1014 pp collisions within the CMS detector.
Recorded (RAW) data are processed in several steps (HLT evaluation, object reconstruction, etc.)
with help of the CMS software framework CMSSW (cf. Sec. 3.3) and stored in computing tiers around
the world (cf. Sec. 3.4). Several different versions of the software framework have been used for
processing as the understanding of the detector evolved and the reconstruction algorithms improved
over time. After the end of data taking in 2011, the whole data have been consistently reprocessed
(re-reconstructed) with the, at that time, latest software version CMSSW_4_4_2_patch22. Datasets,
from the re-reconstruction campaigns known as “08Nov2011” and “19Nov2011”, are used as input to
this analysis.
The (reconstructed) events are subdivided into data streams, based on the kind of HLTs that fired
within each given event. For example, there is always a SingleMu data stream, which comprises
all events where (at least) one of the several single muon HLTs has fired. There is also always a
SingleElectron data stream, which contains all events where (at least) one of the single electron
HLTs has fired etc. The set of HLTs that defines each data stream is specified centrally and adapted
to the actual run conditions of the LHC. It is possible that HLTs from different sets have fired within
the same event, so that this event will be stored in more than one of the data streams. When
analysing data coming from different streams it is essential to veto events that are found in one data
stream from all other.
In the baseline selection of this analysis, events from the data streams shown in Tab. 6.1 are used.
In an extended version, additional events from the data streams given in Tab. 6.2 are analysed. The
results of the latter will be discussed separately, in order to emphasise the effects of the extended
selection. In principle it is also possible to use events from additional data streams, i. e. events
triggered by other objects like high-energy jets or missing transverse energy. However, the baseline
selection of this analysis is focused on events triggered by leptons (especially electrons and muons).
A total of about 300 · 106 recorded data events is used as input for the 2011 MUSiC analysis. This
number includes events that can be found in more than one of the mentioned data streams. Each
event (in the used data streams) must fulfil the requirements of (at least) one HLT trigger path (cf.
Sec. 3.2.7.2) in order to enter the analysis. The considered HLT paths will be described in Sec. 7.2.
1Determined according to Cert 160404-180252 7TeV ReRecoNov08 Collisions11 JSON v2.txt
2With PAT release V08-07-53
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Table 6.1: Summary of the used data streams for the baseline 2011 MUSiC analysis. The used data streams
are known as Nov2011 re-reconstruction (cf. [88]). Events are sorted into data streams depending
on the HLTs that fired in those events. In general, one event can enter more than one data stream.
The event numbers are the actual events stored in the data streams before any selection is applied.
Double lepton data streams are used to reduce the per-lepton trigger threshold (cf. Sec. 7.2 for
more details).
Run Range Data Stream Total Number of Events
160329-175770
/SingleMu/Run2011A-08Nov2011-v1/AOD 79 · 106
/SingleElectron/Run2011A-08Nov2011-v1/AOD 38 · 106
/DoubleMu/Run2011A-08Nov2011-v1/AOD 35 · 106
/DoubleElectron/Run2011A-08Nov2011-v1/AOD 44 · 106
175832-180296
/SingleMu/Run2011B-19Nov2011-v1/AOD 47 · 106
/SingleElectron/Run2011B-19Nov2011-v1/AOD 16 · 106
/DoubleMu/Run2011B-19Nov2011-v1/AOD 22 · 106
/DoubleElectron/Run2011B-19Nov2011-v1/AOD 15 · 106
Table 6.2: Summary of the used data streams for the extended 2011 MUSiC analysis including Tau and
Photon data streams, respectively. The used data streams are known as Nov2011 re-reconstruction
(cf. [88]). Events are sorted into data streams depending on the HLTs that fired in those events.
In general, one event can enter more than one data stream. The event numbers are the actual
events stored in the data streams before any selection is applied. In 2011, almost all tauon triggers
also require a significant amount of /𝐸t (cf. Sec. 7.2.1). In 2011, single and double photon triggers
are used but both kinds of events are stored in the same data streams (cf. Sec. 7.2.2).
Run Range Data Stream Total Number of Events
160329-175770 /Tau/Run2011A-08Nov2011-v1/AOD 20 · 106
175832-180296 /Tau/Run2011B-19Nov2011-v1/AOD 11 · 106
160329-175770 /Photon/Run2011A-08Nov2011-v1/AOD 64 · 106
175832-180296 /Photon/Run2011B-19Nov2011-v1/AOD 26 · 106
6.1.1 Pile-Up (PU)
During the data taking period of the year 2011, the instantaneous luminosity of the LHC (at
CMS) increased significantly ([1]). Depending on the LHC filling scheme (cf. e. g. [89]), per-bunch
luminosities of 𝒪 (1 Hz/µb) were reached. With a total inelastic proton-proton cross section of
𝜎inel.(𝑝𝑝) = 68 mb (cf. [90, 91]), there is a high probability3 that more than one proton-proton
interaction will occur in a bunch crossing. Events occurring in addition to the actual “event of
interest” are called pile-up (events).
The detector readout will include information not only from the interesting event4 but also from
all pile-up events, as they will be, in general, inseparable. As cross sections of “interesting” (SM and
3The mean number of interactions in one bunch crossing can be estimated with:
⟨𝑁⟩ = ℒ
BX
inst. · 𝜎inel.(𝑝𝑝)
𝑓R
= 1 Hz/µb · 68 mb11 233 Hz ≈ 6
where 𝑓R ≈ 𝑐
𝐿LHC
≈ 11 233 Hz is the revolution frequency in the LHC.
4E. g. an event firing a double-muon trigger.
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BSM) process are typically orders of magnitude smaller than the total inelastic proton-proton cross
section, it is highly unlikely to have more than one interesting event in one bunch crossing.
To account for pile-up in the MC simulation of the different processes, techniques have been
developed that will be described in Sec. 6.2.3. These techniques require the (estimated) pile-up
distribution in the actual data as input. To estimate the pile-up in data, the instantaneous per-
bunch-crossing luminosity in every LS5 is used to obtain the average number of expected events per
bunch crossing. Since the instantaneous (per-bunch-crossing) luminosity has changed dramatically
during data taking in 2011, the resulting average number of events is weighted with the integrated
luminosity of the considered LS. To receive a complete description, this has to be done for every LS
in every Run in the data taking range considered in the analysis. The distribution of the expected
number of events per bunch crossing for the full dataset considered in this analysis is shown in
Fig. 6.1.
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Figure 6.1: Distribution of the expected number of events per bunch crossing in 2011 data in the full
certified run range (RunA: 160 404–173 692 and RunB: 175 832–180 252). In these run ranges
a total of 7.9 · 106 LS has been used as input. The distribution has been created according to
the prescription found in [92] with 𝜎inel.(𝑝𝑝) = 68 mb. The structure found in the tail of this
distribution is caused by dedicated high pile-up test runs (with small 𝛽*) (cf. e. g. [93]).
6.2 Standard Model Prediction
The philosophy of the MUSiC analysis is to search for deviations from the Standard Model of particle
physics, which is a mathematical description of the underlying physical processes on smallest scales
and largest energies. However, the mathematical model cannot make an immediate prediction of
what will be measured in an experiment like CMS.
Several steps must be performed, for the mathematical prediction to become a prediction of the
experiment’s outcome. These steps will be described in the following.
5Luminosity Section
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6.2.1 Cross Sections
Differential cross sections can be calculated for SM processes and potential models of new physics
from Feynman diagrams at leading order (LO), i. e. tree-level diagrams in many cases without loops.
Calculations including loops and higher powers of the coupling constant (for the same final state)
are typically called higher-order calculations6. Higher-order calculations typically provide better
precision concerning cross section and kinematics of a process but are usually associated with a
greater computation effort.
In general, the determination of the total cross section of a process can only be done numerically
involving Monte-Carlo techniques. Differential cross sections and the resulting kinematic properties
of a process are typically reasonable when calculated from LO diagrams, total cross sections however,
tend to be underestimated. In many cases, higher-order calculations exist for the total (inclusive)
cross section of the SM processes used in this analysis, but without the actual event generated with
these higher-order diagrams. It is common practice, to use the events generated at LO, and multiply
their event weight by a constant 𝑘-factor which represents the ratio of the cross sections obtained
from higher-order and LO calculations.
Most of the available higher-order calculations “only” account for the strong coupling constant 𝛼S
(but not for the electroweak couplings), since in most processes these corrections are dominant in
the LHC energy regime.
6.2.2 Event Generation
A short description of how events are generated in principle is given below. More details can be
found e. g. in [94] or in [95].
In the simulation of proton-proton collisions, the actual particles taking part in the “hard process”
(i. e. the inelastic scattering, producing new particles) are the partons of the incoming protons
that are chosen from the protons’ PDFs (cf. Sec. 2.1.9). The hard process defines the underlying
physics that occurs within the collision. The (two) incoming partons will usually produce a number
of outgoing particles, whose kinematics depend on the incoming partons and the hard interaction
that took place. Incoming as well as outgoing particles can radiate additional particles (gluons,
photons) depending on their nature (charge, colour-charge) which are referred to as initial and final
state radiation (ISR, FSR). Depending on the complexity of the event generator, the ISR and FSR
particles are either calculated as part of the matrix element (e. g. in MadGraph) for the given process,
or as a kind of model (typically called parton-shower) that allows to effectively predict the properties
of radiated particles (e. g. in Pythia6). While the former method is the more appropriate one, it is
limited by the complexity of the calculation, especially with increasing number of ISR, FSR particles.
The latter is more flexible and can easier incorporate higher order corrections, but the description of
e. g. a many-jet final state will be, in general, flawed. In many cases, a combination of both is used.
Particles coming from the hard process can be very short lived and, depending on their type, their
decay will be simulated by the event generator, or a dedicated module/program like, e. g. Tauola
([96]), which is software particularly designed to describe the decay of τ-leptons accurately. Further,
it must be ensured that outgoing quarks and gluons are not observable as single particles but instead
hadronise to colour neutral hadrons. The remaining parts of the incoming protons (beam remnants)
will, in general, also carry some amount of colour-charge and will therefore be colour linked to the
particles taking part in the hard process. There are different models to describe the behaviour of
these remnants, that have to be tuned to actual data.
6Typically depicted as NLO, NNLO or N𝑛LO where N stands for “next to”.
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6.2.3 Pile-Up Simulation
As described in Sec. 6.1.1, almost all bunch crossings contain more than one proton-proton
interaction. To account for this, a reweighting technique has evolved in 2011 (cf. [97, 98]). After
the generation of events, and before the actual detector simulation, pre-produced Minimum Bias
events are “mixed” into the actual simulation and then propagated through the detector simulation,
reconstruction etc. This method tries to model the data taking conditions. The number of events
added to the hard process is sampled from a pre-defined distribution (shown in Fig. 6.2a) that ideally
reflects the distribution in data (Fig. 6.1). In detail this means that for every simulated bunch crossing
a number 𝜇 is drawn from this probability distribution and then used as the mean of a Poissonian
distribution that is in turn used to get the number of PU events 𝑁PU in that bunch crossing.
6.2.3.1 Pile-Up Reweighting
Especially in the course of the year 2011 the instantaneous luminosity, and with it the number of
pp interactions per bunch crossing, has increased in several steps. Typically the MC samples are
produced and processed at the same time as (or even before) the data is taken by the experiment.
Thus, in general, it will not be possible to model the PU in MC exactly as given by the data
(i. e. like in Fig. 6.1), so that an approximate distribution is used and a reweighting technique is
applied. A ratio distribution is calculated from the (normalised) data and MC distributions (shown
in Fig. 6.2b) that is used to receive one weight 𝑤PU for every MC event depending on the mean
number of PU events in a simulated bunch crossing (which is known). This weight is preferably close
to 1, but can become very small/large for some events.
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(a) Distribution of “true” mean PU events used in
the Fall11 MC generation campaign (as described
in [99]).
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Figure 6.2: Pile-up distributions used for MC reweighting.
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In earlier versions of the reweighting technique, the used “true” mean number 𝜇 was not available
in the MC events and thus the reweighting was done according to the “observed” number of PU
events 𝑁PU. Better results are obtained with the reweighting according to the “true” mean number
as it is performed in this analysis.
6.2.4 Detector Simulation
Events produced with help of an event generator (as described in Sec. 6.2.2), represent the physical
“truth” of a process but do not make any prediction of the actual measurement within a detector
like CMS. Thus, to obtain a prediction that is comparable with actual measured data, the detector
response to the physical particles must be simulated.
In CMS, the aim is, to have a complete and accurate description of all (real) components (size,
shape, material type etc.) of the detector within a database ([101]). These components as well as
the propagation of all particles within the material, are simulated with help of Geant4 ([102, 103]).
In Geant4, the interaction of incoming particles with the matter of the detector components can be
modelled in great detail (e. g. creation of photons inside a scintillator) as well as the technical response
of sub-detectors (simulated hits), resulting in an event in the SIM data format (cf. Sec. 3.3.2). In a
further step, the response of the read-out electronics is generated ([104]), resulting in the simulation
of detector signal response to the energy deposits, creating an event in the DIGI data format (cf.
Sec. 3.3.2).
6.2.5 Reconstruction
The simulated hits are used to run the reconstruction algorithms in a way similar to what is done
for actual data (cf. Sec. 3.2.8).
6.2.6 Luminosity Normalisation
Every sample produced with help of any MC generator will have to be reweighted to the luminosity
available in measured data. The luminosity scale factor is defined as:
𝑤Lumi =
𝜎 · ℒint
𝑁MC
, (6.1)
where 𝜎 is the cross section of the given physics process, ℒint is the integrated luminosity in data,
and 𝑁MC is the total number of simulated events in the given sample.
To ensure a statistically reliable description, it is most desirable that the scale factor is well below 1,
i. e. that 𝑁MC is larger than the number of expected events in data in a given distribution. In some
cases, when 𝜎 is comparably large, it is not feasible to produce enough events, resulting in large scale
factors (up to 𝒪 (1000) for some QCD multi-jet processes, cf. App. B).
6.2.7 Event Scaling
In general, the overall scaling factor will be different for every MC event considered in the analysis.
At this moment three major categories are considered, in MUSiC:
• Higher order cross section corrections: As described in Sec. 6.2.1.
• Pile-up reweighting: As described in Sec. 6.2.3.
• Luminosity normalisation: As described in Sec. 6.2.6.
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In addition, due to technical reasons, some (higher order) MC generators produce events with varying
weights. Although this kind of samples is still only used on an exceptional basis, the generator weight
𝑤Gen must be considered in the most general case. The overall scaling factor for one MC event is
defined as:
𝑤 (event) = 𝑤Gen (event) · 𝑘 (event) · 𝑤Lumi · 𝑤PU (event) . (6.2)
In the current implementation of the analysis, only the use of constant 𝑘-factors (same 𝑘-factor for
all events in one MC sample) is possible.
6.2.8 Standard Model Processes
It is technically impossible to create one MC sample that contains all possible SM outcome for a
complex interaction like a proton-proton collision. Besides, this also would be undesirable, as most
of the reactions in a proton-proton collision, are of low interest because they consist of soft QCD
processes, diffractive interactions, etc. On one hand, these are hard to model (cannot be calculated
within perturbative quantum chromodynamics), on the other hand, events from these interactions
would rarely pass the (trigger) selection used by the search for new physics.
Hence, it is common practice to simulate every (major) SM process (e. g. Drell-Yan or W-boson
production) individually and then select a (sub)set of the simulated processes as required for the
actual analysis. Often the production of these samples is subdivided into disjoint parts, like different
final states of a hard process (e. g. W decaying to muon + neutrino and to electron + neutrino) or
different ranges of a kinematic variable (e. g. different mass ranges for a Drell-Yan sample). This
allows to further parallelise the production and to select the needed processes more specifically and
analysis-dependently.
In the MUSiC analysis, a global comparison between data and the SM prediction is done, so that
an accurate modelling of the SM is required. Thus, many of the produced MC samples must be taken
into account for the analysis. Many important SM processes have been simulated using different event
generators (most importantly Pythia6, MadGraph and Powheg). As a general rule, this analysis tries
to achieve the best overall modelling of the SM. For example, this means that samples produced with
NLO generators (like e. g. Powheg) are favoured to LO samples (like e. g. Pythia6). This may sound
natural but often it is not obvious which samples will perform best and in most cases a compromise
has to be made. For instance, samples have been produced according to NLO calculations providing
very good predictions of the kinematics of the involved particles but have imperfections in describing
final states with higher jet multiplicities, as ISR and FSR are only simulated using parton-shower
models instead of matrix-element calculations7. In other cases the difficulty may arise from other
aspects, i. e. some samples tend to describe the data very well but have rather limited statistics.
These topics will be discussed in more detail in Part III of this thesis.
The production of the samples used in this analysis was performed in a collaboration wide common
effort in the course of the year 2011. Most samples have been generated at the beginning of the data
taking period, and have been reprocessed (detector response and reconstruction) several times, as the
understanding of the detector, the reconstruction algorithms, the pile-up modelling, etc. improved
over time. All MC samples used in this analysis have been (re)processed with CMSSW_4_4_0_patch3
and CMSSW_4_4_2_patch8, respectively. The differences to the software version used to (re)process
data (CMSSW_4_4_2_patch2) are negligible and are not expected to affect the analysis.
7One typical example for this behaviour is tt (+jets) generated with Powheg (NLO QCD with one jet on matrix-element
level, [105]) in comparison to MadGraph (LO with up to three additional jets on matrix-element level).
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All considered SM processes in the 2011 MUSiC analysis are described below. A list of all relevant
MC samples with detailed information can be found in App. B. A total of about 500 · 106 events has
been used as input to the analysis.
6.2.8.1 Drell-Yan to Leptons
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Figure 6.3: Selection of Feynman diagrams for Drell-Yan to leptons with associated jets. Leptons (l) are
electrons, muons, tauons. In the used MadGraph sample, up to four jets (ISR/FSR), are
simulated on matrix element level. All considered processes are LO.
One of the dominant electroweak SM processes at the LHC, is the Drell-Yan (DY) process, with two
leptons in the final state. Each of the incoming quarks can radiate one or more gluons, resulting
in additional jets. The main samples used in this analysis contain up to four jets calculated on
matrix element level (and additional jets coming from the parton shower). The cross section has
been calculated at NNLO level (in perturbative QCD) with help of Fewz ([106, 107]) to 3.05 nb at√
𝑠 = 7 TeV ([108]). Some of the basic Feynman diagrams for this process are shown in Fig. 6.3.
For this process, two MadGraph (LO) MC samples subdivided by the invariant mass of the lepton
pair (i. e. the boson mass) are used. The first sample with 10 GeV < 𝑀ll ≤ 50 GeV, the second
with 𝑀ll > 50 GeV. The electromagnetic part of this process leads to divergences in LO calculations
when 𝑀ll → 0, thus no events with 𝑀ll < 10 GeV have been produced. The cross section values and
uncertainties for this and all other processes will be discussed in Sec. 6.3.1 and are summarised in
Tab. 6.3 on page 87 and Tab. 6.4 on page 90.
The decay of the Z-boson into two quarks, resulting in jets, is also possible but would not be visible
on top of the QCD multi-jet background, thus it is not considered in this analysis.
6.2.8.2 W-Boson Production
Another very important SM process is the production of W bosons with associated jets. Again,
only the decay of W’s to one lepton and one neutrino is considered, since the decay to quarks and
the resulting final states containing only jets would not be visible on top of the QCD multi-jet
background, which has a significantly larger cross section.
Additional jets can arise, when one or both of the incoming quarks radiate one or more gluons (cf.
Fig. 6.4). The total cross section of this process (W → lνl) has been calculated at NNLO level (in
QCD) with help of Fewz ([106, 107]) to 31.3 nb at
√
𝑠 = 7 TeV ([108]).
One MadGraph (LO) MC sample comprising all mentioned sub-processes is used. This sample
includes events with up to four jets, simulated on matrix element level, respecting their relative cross
sections.
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Figure 6.4: Selection of Feynman diagrams for W-boson production with decay to lepton and matching
neutrino with associated jets. Leptons (l) are electrons, muons, tauons. In the used MadGraph
sample, up to four jets, arising from partons, are simulated on matrix element level. All considered
processes are LO. All charge conjugate diagrams for that process are also included.
6.2.8.3 Photons with Associated Jets
Single hard (highly energetic) photons can be produced in proton-proton collisions in association
with jets (Fig. 6.5) (or additional photons, cf. Fig. 6.9e, Fig. 6.9f).
q
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Figure 6.5: Example of a LO Feynman diagram of photon and jet production at the LHC. Several Pythia6
samples, subdivided by the photon transverse momentum are used in this analysis.
For this process, several samples are available that have been produced with Pythia6 (LO). These
samples are subdivided by the photon’s transverse momentum. No higher order calculations for the
cross sections are available (cf. Tab. 6.3).
6.2.8.4 Top-Quark Pair Production
Top quarks are predominantly produced in pairs (tt) at the LHC. In the dominant production
channels for tt at LO (cf. Fig. 6.6), top pairs are produced via a virtual gluon in quark anti-
quark annihilation (Fig. 6.6a) or in gluon-gluon fusion in the s-channel (Fig. 6.6b) and via top quark
exchange in the t-channel (Fig. 6.6c). Although tt production is not the dominant strong process, the
top quark is very interesting as it is the only quark that decays before it can hadronise. The top quark
can decay into a bottom, strange or down quark by radiating a W-boson, where the decay into the two
lighter quarks is heavily CKM-suppressed. Thus, in almost 100 % of the times, two bottom quarks
and two W-bosons are produced. Bottom quarks can form b-hadrons, which travel a macroscopic
distance before decaying into jets. This additional decay vertex allows to experimentally identify
the jets as coming from b-hadrons. The radiated W-bosons will decay either leptonically (into a
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Figure 6.6: Selection of dominant LO Feynman diagrams, describing the production and decay of top anti-
top pairs at the LHC. Similar to the processes shown in Fig. 6.3 and Fig. 6.4 the used MadGraph
sample incorporates up to three jets, arising from partons, simulated on matrix element level.
All considered processes are LO.
charged lepton and associated neutrino) or hadronically (into two quarks). While the (semi-)leptonic
decay (where one or both of the W-bosons decay leptonically) gives a distinct signature (one or two
leptons, several jets and missing energy), the fully hadronic decay (both W-boson decay into quarks),
is difficult to distinguish from the dominating QCD multi-jet background. The tt production cross
section has been calculated to 165.0 nb ([108]) at NNLL8 (in QCD) at
√
𝑠 = 7 TeV ([109]).
One MadGraph (LO) sample comprising all tt production channels and all top-quark and W-boson
decays is used in this analysis. This sample includes events with up to three additional jets, simulated
on matrix-element level, respecting their relative cross section.
6.2.8.5 Top-Quark Pairs with Bosons
In addition to the conventional tt production, one or more (vector) bosons can be produced in the
hard interaction. Basically the production processes are similar to the “plain” tt production, except
that bosons are additionally radiated (cf. Fig. 6.7). NLO correction factors (in QCD) have been
calculated ([110]) for tt + W and tt + Z and give: 𝜎tt+W = 0.171 pb and 𝜎tt+Z = 0.155 pb. For
tt +WW the LO cross section has been calculated with MadGraph to 0.74 fb at
√
𝑠 = 7 TeV.
One MadGraph (LO) sample each is used for tt + W, tt + Z and tt + WW with up to two (one)
additional jets simulated on matrix-element level in the first two cases (last case).
6.2.8.6 Single Top-Quark Production
Besides top quark pairs, single top quarks can also be produced in proton-proton collisions. Several
different production mechanisms exist that are depicted in Fig. 6.8.
Several MC samples are available that have been produced with Powheg and provide NLO (in 𝛼S)
simulation and cross-section calculation ([111, 112]). The samples are subdivided by the production
channels (s-channel, t-channel, “tW-channel”) and by the produced top-quark charge. The charge
conjugated processes do not necessarily have the same cross section, as there is a asymmetry in quarks
and anti-quarks in the proton (cf. Sec. 2.1.9). The dominant channels are both charge variants of the
8Next-to-Next-to-Leading-Logarithm
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Figure 6.7: Selection of LO Feynman diagrams for the production of a top anti-top pair with one or two
associated vector bosons. In the used MadGraph samples, up to two/one additional jets are
simulated in the first/second case. All possible decay channels of the vector bosons have been
simulated in these samples.
t-channels, with a total cross section of 64.6 pb ([108]) calculated at NLO with MCFM9 at
√
𝑠 = 7 TeV
(cf. Tab. 6.3).
6.2.8.7 Di- and Tri-Boson Production
More than one boson can be produced in one hard proton-proton interaction. All combinations of
Z0, W±, γ pairs are produced at the LHC and although the cross sections for most of these processes
are significantly smaller than for the single-boson production, they are large enough to be a non-
negligible SM background in the search for new physics. At LO, W-boson pairs can be produced
in the s- and t-channel (Fig. 6.9a, Fig. 6.9b) as well as W-bosons in association with a photon or a
Z-boson (Fig. 6.9c, Fig. 6.9d). Z-boson pairs can be produced via the t-channel at LO (Fig. 6.9e)
(no s-channel because Z-Z-Z coupling is not allowed in the SM) or via box diagrams (Fig. 6.9f).
Di-photon production can occur in quark anti-quark annihilation in the t-channel (Fig. 6.9e, also
referred to as “Born diagram”), or via box diagrams (Fig. 6.9f).
All resulting photons here are real and can be measured in the detector. W- and Z-bosons can decay
leptonically or hadronically, as described before. If one of the bosons in WW, ZZ, WZ production
decays hadronically, the signature is similar to that in W or Drell-Yan production with associated
jets. If both bosons decay hadronically, they are hardly distinguishable from the QCD multi-jet
background.
Both bosons decaying leptonically give rise to interesting signatures with up to four leptons or up
to three leptons and missing energy.
In principle also different combinations of three bosons produced in the hard process are possible.
However, most of these processes have extremely small cross sections (≪ 1 pb), so that they are
not considered in this analysis (they might become interesting with higher LHC energies and
luminosities). Only one of these processes (with comparably large cross section) has been simulated
and is used: pp→WWW. The W-bosons can be produced in various ways, e. g. by quark anti-quark
annihilation in the s- or t-channel (Fig. 6.10).
The used samples and cross sections are described below:
9Monte Carlo for FeMtobarn processes ([113])
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Figure 6.8: Selection of LO Feynman diagrams for single top-quark production at the LHC. The same
processes apply for the production of anti-top quarks by charge conjugation (although they have
smaller cross sections).
WW: For the (inclusive) W-pair production, the cross section has been calculated at NLO with help
of MCFM to 43.0 pb at
√
𝑠 = 7 TeV ([108]). One inclusive sample generated with Pythia6 is
used with this NLO cross section.
WZ: For the WZ production, the situation is more complicated. Different types of samples are
available in the 7 TeV production campaign. On one hand side, there is an inclusive (production
and decay) WZ sample generated with help of Pythia6. On the other hand, there are samples
produced with MadGraph that simulate the inclusive production of WZ but that are subdivided
by the WZ final states. As described before, it is desirable to use samples that have been
produced with additional jets on matrix element level (like the MadGraph ones). Thus, as a
compromise MadGraph samples are used and a constant 𝑘-factor is applied that is calculated
from the Pythia6 WW sample. Up to two additional jets are simulated on matrix element level.
Wγ, Zγ: A dedicated sample comprising Wγ and Zγ production, generated with MadGraph is used
in this analysis. The cross section calculated at LO with MadGraph is 56.6 pb at
√
𝑠 = 7 TeV.
Up to one additional jet is simulated at matrix element level.
ZZ: For ZZ production in the t-channel, several Powheg samples are available that are subdivided
by the final states of the decaying Z-bosons into leptons and neutrinos (cf. [114]). These
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Figure 6.9: Selection of LO Feynman diagrams for di-boson production in proton-proton collisions. Several
different samples, produced with Pythia6, MadGraph and Powheg are used in this analysis to
model the di-boson background.
samples are complemented by a MadGraph sample with the Z-bosons decaying to leptons and
quarks. Again, a 𝑘-factor is applied to the MadGraph sample that is calculated from the Pythia6
WW sample and the NLO cross-section calculation. Up to two additional jets are simulated
on matrix element level. The case of both bosons decaying hadronically is not simulated.
Two additional samples comprising the box-diagrams shown in Fig. 6.9f with Z-bosons decaying
into same-flavour and different-flavour leptons, respectively, are used. These samples have been
produced with dedicated software GG2ZZ ([115, 116]) (cf. Tab. 6.3).
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Figure 6.10: Selection of LO Feynman diagrams for the WWW production at the LHC. In the used
MadGraph sample up to one additional jet is simulated at matrix element level. All charge
combinations of the W-bosons, allowed in the SM, have been simulated in that sample.
γγ: Several Pythia6 samples are available for both types of diagrams, subdivided by the photons’
transverse momenta. No higher order calculations are available for the cross section of this
process (cf. Tab. 6.3).
WWW: The used sample has been produced with MadGraph, where all W-boson decays (hadronic,
leptonic) have been simulated. Up to one additional jet has been simulated on matrix element
level. The cross section has been calculated at LO with MadGraph to 0.02 pb at
√
𝑠 = 7 TeV.
6.2.8.8 Low Energy Resonances
Various low energy resonances (mesons and baryons) are produced at the LHC in proton-proton
collisions with very large cross sections. Most of them are too low-energetic to pass the selection
criteria of this analysis (leptons with transverse momentum of more than 20 GeV, see also Sec. 7.2).
However, especially the Υ resonance with a mass of about 10 GeV, which can decay into two charged
leptons, can be produced with a boost large enough, so that the resulting leptons can pass the
selection. Although the contribution is small, the absence of these backgrounds can lead to unphysical
deviations between MC and data in the low mass region of distributions containing two muons or
electrons.
The three lowest Υ resonances are used in this analysis: Υ(1S), Υ(2S), Υ(3S), which decay into
electron and muon pairs (Pythia6 samples are provided for these processes). Measurements of
Υ(S1,S2,3S)→ µµ show that the cross sections calculated with Pythia6 are too large ([117]). Thus, for
the muon channels the measured cross sections will be used. Although, assuming lepton universality,
the electron channels have the same cross section times branching fraction, the kinematic selection
(on generator level) differs slightly from the muon channel. So, a correction factor is calculated from
the muon samples and applied to the corresponding electron samples (cf. Tab. 6.3).
6.2.8.9 QCD Multi-Jet Production
One of the most important SM processes over a large energy range (at the LHC) is the production
of quark and gluon jets, via strong interaction. Some few of the many different possible processes at
the LHC are shown in Fig. 6.11. Several challenges arise, when trying to describe this background
with help of MC methods:
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Figure 6.11: Selection of LO Feynman diagrams illustrating the production of two or more jets in proton-
proton collisions. Only LO samples and cross section calculations are available. The used
samples have been produced with Pythia6 and are subdivided by the jet transverse momentum.
• The cross sections of the different contributing processes are orders of magnitude larger than
those of more interesting (e. g. electroweak) processes. Thus, it is a computational challenge
to produce a sufficient number of events, in order to obtain a statistically stable prediction of
the background.
• Closely related to the difficulty mentioned above is the selection efficiency for events from these
processes. In the baseline selection in this analysis (cf. Sec. 7.2), there must be at least one
(high-energy) electron or muon in the event; in the extended selection tauon- and photon-
triggered events are additionally considered (cf. Sec. 7.2.1 and Sec. 7.2.2). Multi-jet events can
only be selected in case one or more of the jets were wrongly reconstructed as a lepton or photon
or one of the jet constituents (e. g. pions) actually decayed into one or more leptons or photons
that appeared to be sufficiently separated from the other constituents (i. e. isolated). The
misidentification probabilities are small (cf. Sec. 6.3.5) but sufficient to cause a non-negligible
contribution in several final states, since the cross sections are large.
• In addition, the cross section and topology calculations for this kind of processes are very
sensitive to higher order corrections (in 𝛼S).
To model the multi-jet background, several Pythia6 samples have been produced, subdivided by the
transverse momentum of the (leading) jet. This allows to put a similar focus on the production of
events in different energy regimes. The LO cross sections for these samples range from 50 mb to 0.3 fb
at
√
𝑠 = 7 TeV, depending on the jet transverse momentum range. In these samples, the production
of all types of quark (e. g. from a graph like the one shown in Fig. 6.11b), with the exception of top
quarks, is simulated.
In addition, different enriched samples have been provided and are used in this analysis. Events not
fulfilling predefined criteria are discarded at generator level, allowing the production of samples with
desired properties without involving the detector simulation. For instance, in muon-enriched QCD
samples jets decay at generator level and only events with a muon in the final state are accepted.
Similar strategies are used to generate electromagnetically-enriched (electrons and photons) and
bottom-quark-enriched samples. To avoid overlap of the different samples, they have to be cleaned
mutually according to the filters used to generate the enriched samples.
A full list of all used QCD multi-jet samples and cross sections is given in Tab. 6.4 on page 90.
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6.3 Systematic Uncertainties
The prediction of Standard Model processes and resulting distributions can never be perfect because
many of the sources that go into this prediction are only known with finite precision. Reasons
for this are various: E. g. theoretical predictions of the cross sections can only be calculated with
finite orders of perturbation and often use input parameters that have finite precision on their own
(e. g. measured particle masses, cross sections etc.). Also some characteristics of the SM are hard to
describe theoretically, like the hadronisation of partons to jets. Besides, the simulation of the detector
response to the incoming particles is limited, as not all detector components (or their response) can
be simulated accurately. This may result in differences between data and MC, e. g. in reconstruction
efficiencies or misreconstruction probabilities. Other quantities (like the integrated luminosity) come
from direct measurement, which is always associated with an uncertainty.
These and other effects can lead to discrepancies between the prediction and data that do not
arise from physical processes of interest. Despite the fact that not all effects causing the imperfect
knowledge are necessarily known, in most cases it is possible to give sensible estimates on the
uncertainties of the predicted quantities. All uncertainties used in this analysis are assumed to
follow Gaussian prior functions. This may be true for some (e. g. energy resolutions) but is certainly
not exact for all (e. g. reconstruction efficiencies, number of expected events). This assumption is
made, because the used 𝑝-value (described in Sec. 4.7.1) requires Gaussian priors. Furthermore,
Gaussian uncertainties are assumed when combining regions (cf. Sec. 5.3.4.1) and when creating
pseudo-experiments (cf. Sec. 5.3.6).
The uncertainties discussed in this section are evaluated for each region in every distribution of
every event class. The methods used to evaluate the individual uncertainties in a region will be given
in the sections below.
6.3.1 Cross Sections of Standard Model Processes
The normalisation of the events in a given MC sample needs two input values: the integrated
luminosity (cf. Sec. 6.3.2) and the cross section of the process. The total cross section for a process
comprises contributions from PDFs (cf. Sec. 2.1.9) and from the partonic cross section. In most
cases, the generator used to create events for a given process provides a LO partonic cross section.
For some of the used samples higher-order calculations for the cross section have been performed.
In this analysis, all known higher-order cross sections are used, as far as they are applicable to the
available samples.
As described before (cf. Sec. 6.2) the higher order cross sections are applied to samples generated
with LO in 𝛼S. This allows a better overall normalisation but will not improve the topologies of
events in any way. Thus, to account for the topological component, the used uncertainties on the
total cross sections are estimated conservatively by the following scheme:
• An uncertainty of 5 % is assigned to electroweak processes where the cross section has been
calculated on NNLO level (e. g. DY).
• An uncertainty of 10 % is assigned to electroweak/QCD processes where the cross section has
been calculated on NLO/NNLO (or NNLL) level (e. g. WW production/tt production).
• An uncertainty of 20 % is assigned to QCD processes where the cross section has been calculated
on NLO level (tt with associated vector boson production).
• An uncertainty of 50 % is assigned to processes where the cross section has only been calculated
on LO level (especially QCD multi-jet production).
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QCD processes (e. g. tt production) are more sensitive to higher order contributions in 𝛼S, thus a
larger uncertainty is assumed (e. g. 10 % at NNLO).
For some processes no direct higher order calculations are available but 𝑘-factors can be extracted
from similar processes and a higher uncertainty can be applied. E. g. For DY → ll the cross
section is known to NNLO but only for 𝑀ll > 50 GeV. For the corresponding sample with
10 GeV < 𝑀ll ≤ 50 GeV a 𝑘-factor is extracted from the 𝑀ll > 50 GeV sample and an uncertainty
of 10 % (instead of 5 %) is assigned.
For Υ resonances to muons the cross sections have been measured ([117]) and correction factors
have been extracted for the electron channels. To account for potential differences in the kinematics
and selection in the measurement, an uncertainty of 30 % is assigned.
The uncertainty on the cross section for a given sample is assumed to be fully correlated over
all considered bins in all event classes but uncorrelated for different processes. This implies that
the shape of the distribution, resulting from a given sample, is not varied when evaluating these
uncertainties. Instead rather large uncertainties (see above) are permitted, in order to account for
the (unknown) differences to the higher order differential cross sections.
Cross section uncertainties are known as relative numbers. When building a region (cf.
Sec. 5.3.4.1), the absolute uncertainties for all processes contributing to that region are calculated
(from the total numbers of events in that region) and the resulting absolute uncertainties for these
processes are added up quadratically. Accordingly, when drawing randomised values (cf. Sec. 5.3.6),
one cross section value is drawn for every process that is used in all classes.
The same values for the (total) cross section uncertainties are used in Mode 1 and Mode 2.
Table 6.3: Summary of all used samples (except QCD multi-jet), cross sections and uncertainties, to model
the SM background. 𝜎tot denotes the total cross section used for the given (sub)process.
Process Kinematics 𝜎tot/pb Order(𝜎tot) 𝜎𝜎tot 𝑘-factor
DY→ ll + Jets 𝑀ll/GeV > 50 3.1 · 10
3 NNLO 5 % 1.23
10 < 𝑀ll/GeV ≤ 50 11.8 · 103 NNLO 10 % 1.23a
W→ lνl + Jets - 31.3 · 103 NNLO 5 % 1.12
γ+ Jets
0 < 𝑝γT/GeVb≤ 15 84.2 · 106 LO 50 % -
15 < 𝑝γT/GeV ≤ 30 172.0 · 106 LO 50 % -
30 < 𝑝γT/GeV ≤ 50 16.7 · 103 LO 50 % -
50 < 𝑝γT/GeV ≤ 80 2.7 · 103 LO 50 % -
80 < 𝑝γT/GeV ≤ 120 447.0 LO 50 % -
120 < 𝑝γT/GeV ≤ 170 84.2 LO 50 % -
170 < 𝑝γT/GeV ≤ 300 22.6 LO 50 % -
300 < 𝑝γT/GeV ≤ 470 1.5 LO 50 % -
470 < 𝑝γT/GeV ≤ 800 132.0 · 10−3 LO 50 % -
a 𝑘-factor extracted from NNLO calculation for DY → ll with 𝑀ll > 50 GeV, hence a larger
uncertainty is assigned.
b 𝑝T is the transverse momentum in the frame of the hard interaction, i. e. before applying the
parton shower.
c Production and cross section calculation is NLO (Powheg).
d 𝑘-factor extracted from NLO calculations for inclusive WW production, hence larger uncertainties
are assigned.
e 𝑘-factor extracted from measurement, hence larger uncertainties are assigned.
Continued on next page. . .
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Summary of all used samples (except QCD multi-jet), cross sections and uncertainties, to model the SM
background. 𝜎tot denotes the total cross section used for the given (sub)process.
Process Kinematics 𝜎tot/pb Order(𝜎tot) 𝜎𝜎tot 𝑘-factor
800 < 𝑝γT/GeV ≤ 1400 3.5 · 10−3 LO 50 % -
1400 < 𝑝γT/GeV ≤ 1800 12.7 · 10−6 LO 50 % -
𝑝γT/GeV ≥ 1800 294.0 · 10−9 LO 50 % -
tt + Jets - 165.0 NNLL 10 % 1.74
tt +W+ Jets - 170.0 · 10−3 NLO 20 % 1.12
tt + Z + Jets - 154.5 · 10−3 NLO 20 % 1.32
tt +WW+ Jets - 748.4 · 10−6 LO 50 % -
tttt - 474.6 · 10−6 LO 50 % -
single t
t-channel 42.6 NLO 10 % 1.19
s-channel 2.7 NLO 10 % 1.16
tW-channel 8.2 NLO 20 % 1.1
single t
t-channel 22.0 NLO 10 % 1.19
s-channel 1.5 NLO 10 % 1.16
tW-channel 7.8 NLO 20 % 1.1
WW - 43.0 NLO 10 % 1.54
WZ + Jets→ llqq - 1.77 NLO 20 % 1.54d
WZ+ Jets→ lllq - 1.11 NLO 20 % 1.54d
ZZ→ e+e−µ+µ− - 18.0 · 10−3 NLOc 10 % -
ZZ→ e+e−νeνe - 31.3 · 10−3 NLOc 10 % -
ZZ→ e+e−νµνµ - 31.3 · 10−3 NLOc 10 % -
ZZ→ e+e−τ+τ− - 30.8 · 10−3 NLOc 10 % -
ZZ→ µ+µ−νeνe - 31.3 · 10−3 NLOc 10 % -
ZZ→ µ+µ−νµνµ - 31.3 · 10−3 NLOc 10 % -
ZZ→ µ+µ−τ+τ− - 30.8 · 10−3 NLOc 10 % -
ZZ→ e+e−e+e− - 14.0 · 10−3 NLOc 10 % -
ZZ→ µ+µ−µ+µ− - 14.0 · 10−3 NLOc 10 % -
ZZ→ τ+τ−τ+τ− - 15.4 · 10−3 NLOc 10 % -
ZZ→ llqq - 574.0 · 10−3 LO 50 % -
a 𝑘-factor extracted from NNLO calculation for DY → ll with 𝑀ll > 50 GeV, hence a larger
uncertainty is assigned.
b 𝑝T is the transverse momentum in the frame of the hard interaction, i. e. before applying the
parton shower.
c Production and cross section calculation is NLO (Powheg).
d 𝑘-factor extracted from NLO calculations for inclusive WW production, hence larger uncertainties
are assigned.
e 𝑘-factor extracted from measurement, hence larger uncertainties are assigned.
Continued on next page. . .
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Summary of all used samples (except QCD multi-jet), cross sections and uncertainties, to model the SM
background. 𝜎tot denotes the total cross section used for the given (sub)process.
Process Kinematics 𝜎tot/pb Order(𝜎tot) 𝜎𝜎tot 𝑘-factor
ZZ→ llll gg→ ZZ 3.7 · 10−3 LO 50 % -
ZZ→ l′l′ll gg→ ZZ 3.7 · 10−3 LO 50 % -
Wγ/Zγ - 56.6 LO 50 % -
γγ (Born)
0 < 𝑝γT/GeVb≤ 25 236.4 LO 50 % -
25 < 𝑝γT/GeV ≤ 250 22.4 LO 50 % -
𝑝γT/GeV > 250 8.0 · 10−3 LO 50 % -
γγ (Box)
0 < 𝑝γT/GeV ≤ 25 358.2 LO 50 % -
25 < 𝑝γT/GeV ≤ 250 12.4 LO 50 % -
𝑝γT/GeV > 250 208.0 · 10−6 LO 50 % -
WWW - 17.7 · 10−3 LO 50 % -
Υ(1S)→ µ+µ− - 7.4 · 103 LO 30 % 0.51e
Υ(2S)→ µ+µ− - 1.9 · 103 LO 30 % 0.31e
Υ(3S)→ µ+µ− - 1.0 · 103 LO 30 % 0.62e
Υ(1S)→ e+e− - 6.1 · 103 LO 30 % 0.51e
Υ(2S)→ e+e− - 2.7 · 103 LO 30 % 0.31e
Υ(3S)→ e+e− - 1.4 · 103 LO 30 % 0.62e
a 𝑘-factor extracted from NNLO calculation for DY → ll with 𝑀ll > 50 GeV, hence a larger
uncertainty is assigned.
b 𝑝T is the transverse momentum in the frame of the hard interaction, i. e. before applying the
parton shower.
c Production and cross section calculation is NLO (Powheg).
d 𝑘-factor extracted from NLO calculations for inclusive WW production, hence larger uncertainties
are assigned.
e 𝑘-factor extracted from measurement, hence larger uncertainties are assigned.
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Table 6.4: Summary of the used QCD multi-jet samples used to model the SM background. All samples are
cleaned mutually (as far as necessary) to avoid event overlap/double counting. 𝜎tot denotes the
total cross section used for the given (sub)process.
QCD Sample Kinematics 𝜎tot/pb Order(𝜎tot) 𝜎𝜎tot
standard
0 < 𝑝partonT /GeVa≤ 5 48.4 · 109 LO 50 %
5 < 𝑝partonT /GeV ≤ 15 36.8 · 109 LO 50 %
15 < 𝑝partonT /GeV ≤ 30 816 · 106 LO 50 %
30 < 𝑝partonT /GeV ≤ 50 53.1 · 106 LO 50 %
50 < 𝑝partonT /GeV ≤ 80 6.4 · 106 LO 50 %
80 < 𝑝partonT /GeV ≤ 120 784 · 103 LO 50 %
120 < 𝑝partonT /GeV ≤ 170 115 · 103 LO 50 %
170 < 𝑝partonT /GeV ≤ 300 24.3 · 103 LO 50 %
300 < 𝑝partonT /GeV ≤ 470 1.2 · 103 LO 50 %
470 < 𝑝partonT /GeV ≤ 600 70.2 LO 50 %
600 < 𝑝partonT /GeV ≤ 800 15.6 LO 50 %
800 < 𝑝partonT /GeV ≤ 1000 1.8 LO 50 %
1000 < 𝑝partonT /GeV ≤ 1400 332.0 · 10−3 LO 50 %
1400 < 𝑝partonT /GeV ≤ 1800 10.9 · 10−3 LO 50 %
𝑝partonT /GeV > 1800 358.0 · 10−6 LO 50 %
µ-enrichedb
15 < 𝑝partonT /GeV ≤ 20 1.7 · 106 LO 50 %
20 < 𝑝partonT /GeV ≤ 30 1.3 · 106 LO 50 %
30 < 𝑝partonT /GeV ≤ 50 596.5 · 103 LO 50 %
50 < 𝑝partonT /GeV ≤ 80 140.0 · 103 LO 50 %
80 < 𝑝partonT /GeV ≤ 120 28.6 · 103 LO 50 %
120 < 𝑝partonT /GeV ≤ 150 4.5 · 103 LO 50 %
𝑝partonT /GeV > 150 2.9 · 103 LO 50 %
µ-enrichedc 𝑝
µ
T > 10 GeV, 𝑝partonT > 20 GeV 350.0 · 103 LO 50 %
𝑝µT > 15 GeV, 𝑝partonT > 20 GeV 84.7 · 103 LO 50 %
a 𝑝T is the transverse momentum in the frame of the hard interaction, i. e. before applying the
parton shower.
b Sample, enriched at generator level, with events containing partonic jets with hadrons decaying
into muons.
c Same as b but with an addtional cut on the transverse momentum of the muon.
d Sample, enriched at generator level, with events containing b- or c-hadrons, decaying into
electrons.
e Sample, enriched at generator level, with events containing particles that might fake a photon
or electron in the reconstruction.
f Sample, enriched at generator level, with events containing partonic jets with b-quarks.
Continued on next page. . .
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Summary of the used QCD multi-jet samples used to model the SM background. All samples are cleaned
mutually (as far as necessary) to avoid event overlap/double counting. 𝜎tot denotes the total cross section
used for the given (sub)process.
QCD Sample Kinematics 𝜎tot/pb Order(𝜎tot) 𝜎𝜎tot
BCtoE-enrichedd
20 < 𝑝partonT /GeV ≤ 30 139.3 · 103 LO 50 %
30 < 𝑝partonT /GeV ≤ 80 143.9 · 103 LO 50 %
80 < 𝑝partonT /GeV ≤ 170 9.4 · 103 LO 50 %
EM-enrichede
20 < 𝑝partonT /GeV ≤ 30 2.5 · 106 LO 50 %
30 < 𝑝partonT /GeV ≤ 80 3.6 · 106 LO 50 %
80 < 𝑝partonT /GeV ≤ 170 142.8 · 103 LO 50 %
170 < 𝑝partonT /GeV ≤ 250 3.3 · 103 LO 50 %
250 < 𝑝partonT /GeV ≤ 350 368.0 LO 50 %
𝑝partonT /GeV > 350 55.0 LO 50 %
b-enrichedf
15 < 𝑝partonT /GeV ≤ 30 46.5 · 106 LO 50 %
30 < 𝑝partonT /GeV ≤ 50 4.0 · 106 LO 50 %
50 < 𝑝partonT /GeV ≤ 150 51.2 · 103 LO 50 %
𝑝partonT /GeV > 150 5.4 · 103 LO 50 %
a 𝑝T is the transverse momentum in the frame of the hard interaction, i. e. before applying the
parton shower.
b Sample, enriched at generator level, with events containing partonic jets with hadrons decaying
into muons.
c Same as b but with an addtional cut on the transverse momentum of the muon.
d Sample, enriched at generator level, with events containing b- or c-hadrons, decaying into
electrons.
e Sample, enriched at generator level, with events containing particles that might fake a photon
or electron in the reconstruction.
f Sample, enriched at generator level, with events containing partonic jets with b-quarks.
6.3.2 Integrated Luminosity
Besides the cross sections, the total integrated luminosity (cf. Sec. 3.2.10) delivered by the LHC
is a crucial input for the normalisation of the used MC samples. Much effort has been spent on
the determination of the absolute integrated luminosity at CMS (cf. [64, 65]). The most up to date
studies allowed to measure the luminosity with a relative precision of 2.2 % ([64]) in 2011.
The total uncertainty on the number of expected events is calculated for each region (cf. Sec. 5.3.4.1)
after adding up all predictions from all contributing processes in that region and multiplying with the
relative luminosity uncertainty. This uncertainty is treated as fully correlated over all bins and event
classes. Therefore, when generating pseudo-experiments (cf. Sec. 5.3.6) one randomised luminosity
value is used for all distributions in all event classes.
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6.3.3 Jet Energy Scale
As described in Sec. 3.2.8, the energy of reconstructed jets must be corrected to account for different
effects. Every component of those corrections introduces an additional uncertainty source that must
be studied and understood.
In 2010, a calibration based on MC simulation, with additional residual corrections for remaining
differences in energy scale between data and MC, has been performed ([61]) and shows that the
uncertainties on the corrections are in the range of 3 % to 5 % over large ranges of jet-𝑝T and -𝜂. In
2011, similar methods were used ([118]) and comparable results have been obtained for the correction
factors for jets.
To account for the JES uncertainties, the analysis is run three times: Once with the actual corrected
jet energies, once with all jet energy corrections shifted up by one standard deviation (depending
on each jet’s 𝑝T and 𝜂) and once with all jet energy corrections shifted down. Depending on the
jets’ energies (and their uncertainties), an event can be shifted to different bins within the kinematic
distributions. Furthermore, jets close to the selection threshold (cf. Sec. 7.3) can drop in or out of
the selection. This also means that events can migrate between event classes10. With this method,
for every distribution of every used MC sample, three histograms are obtained: One representing
the central value and the other two representing the variation of the JES of one standard deviation
up and down, respectively. As the events can be shifted from bin to bin, the resulting values in the
uncertainty histograms can be both, smaller or larger than the central value.
Closely related to the jet reconstruction is the reconstruction of missing transverse energy. In
principle, /𝐸t is composed of two types of objects in the detector: those clustered in jets and those
unclustered. Although the correction factors for /𝐸t are slightly different from the jet corrections,
they are highly correlated (cf. Sec. 3.2.8.6). To account for this, the sum of variations of the jets’
energy corrections in an event (as described above) is also propagated to the missing transverse
energy in that event.
Although there is no apparent physical reason to assume that a “miscalibration” will be the same
across the whole detector, it is still expected to be similar in adjacent regions of the detector, and
thus for pragmatical reasons the jet energy correction uncertainties are treated fully correlated in all
bins.
When constructing a region three values are calculated for every region, in the first step:
• 𝐵(region) is the sum of of all MC contributions in that region (cf. Eq. (5.3)).
• 𝐵JESup(region) and 𝐵JESdown(region) are the sums of all MC contributions with JES shifted up
and down, respectively, by one standard deviation:
𝐵JESup(region) =
𝑛bins(region)∑︁
𝑖
𝐵𝑖,JESup =
𝑛bins(region)∑︁
𝑖
𝑛samples(region)∑︁
𝑗
𝐵𝑖,𝑗,JESup
𝐵JESdown(region) =
𝑛bins(region)∑︁
𝑖
𝐵𝑖,JESdown =
𝑛bins(region)∑︁
𝑖
𝑛samples(region)∑︁
𝑗
𝐵𝑖,𝑗,JESdown
10When re-classifing with the JES shifted up/down, a jet’s 𝑝T can be shifted above/below the jet-𝑝T selection threshold,
consequently moving the whole event into a different event class (e. g. 2µ+3jet → 2µ+4jet for “JES up”). In the most
extreme case, the event class that event is moved to does not contain any MC prediction, and thus the resulting JES
uncertainty is the only contribution to this event class.
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• The resulting up and down uncertainties in a region are calculated as:
𝜎JESup(region) = 𝐵JESup(region)−𝐵(region)
𝜎JESdown(region) = 𝐵JESdown(region)−𝐵(region)
This means that the uncertainties in a region, resulting from shifting the JES up/down can be smaller
or larger than the central value 𝐵(region) and, in general, the absolute values of the uncertainties will
be different. The MUSiC algorithm uses Gaussian priors and thus only symmetric uncertainties can
be handled. In the second step, for each region, the JES uncertainties given above are symmetrised:
𝜎JES(region) =
|𝜎JESup(region)|+ |𝜎JESdown(region)|
2 . (6.3)
The resulting value is used in the 𝑝-value calculation (region-wise) as well as in the generation of
pseudo-experiments (bin-wise).
6.3.4 Reconstruction Efficiencies
Particles created in the interactions will be reconstructed and identified with a certain probability
(efficiency) in the detector. Ideally this efficiency is close to, but will never be exactly, 100 %.
Physical, instrumental, algorithmic and other effects are responsible for particles to be missed in the
reconstruction. However, reconstruction efficiencies below 100 % are not a problem, as long as they
show a similar behaviour for data and MC simulation. In dedicated analyses, potential differences
in efficiencies can be corrected by rescaling the MC prediction by values found in dedicated studies.
The multitude of final states considered in the MUSiC analysis makes it difficult to correct for all
differences between data and MC. Instead, the found differences are treated as uncertainties on the
efficiencies.
The absolute uncertainty on the number of predicted events in a region 𝐵(region) in any given
distribution of an event class, arising from the efficiency uncertainties, is then calculated as:
𝜎2Eff(region) = 𝐵2(region) ·
(︁
𝑁2e · 𝜎2Eff (e) +𝑁2µ · 𝜎2Eff (µ) +𝑁2τ · 𝜎2Eff (τ)+
𝑁2γ · 𝜎2Eff (γ) +𝑁2jet · 𝜎2Eff (jet)
)︁
,
where 𝐵(region) is again calculated as given in Eq. (5.3), 𝑁𝛼 is the number of reconstructed objects of
type 𝛼 in the analysed event class, and 𝜎Eff(𝛼) is the corresponding relative reconstruction uncertainty
for object of type 𝛼, as described below.
This analysis relies on dedicated studies of the individual efficiencies to obtain the numbers:
Electrons Dedicated studies ([119]) show that the MC-to-data scale factors are in the range of 1.01
to 1.0411, depending on the selection and detector region (barrel/endcap) with rather large
uncertainties (about 6 %) when the scale factor is large. Thus, conservatively an uncertainty
of 5 % is assigned on the reconstruction/identification efficiency of electrons in this analysis.
Muons Studies performed on the 2010 dataset ([120]) found scale factors in the range 0.98 to 1.14.
More up to date studies ([121, 122]) suggest values in the range of 0.95 to 0.9812. Conservatively,
an uncertainty of 5 % is assigned.
11For the HEEP Selection (cf. Sec. 7.3).
12For Tight Muons (cf. Sec. 7.3).
94 Chapter 6 Analysis Input
Tauons Tauons are more difficult objects to reconstruct because they decay almost immediately after
production. First studies with the 2010 dataset ([123]) showed scale factors in the range of 0.93
to 1.06 with uncertainties up to 30 % depending on the used τ-lepton identification. Studies
with 2011 data ([124]) suggest very similar values, with uncertainties not larger than 10 %. An
uncertainty of 10 % is assigned on the identification of τ-leptons in this analysis.
Photons Official photon reconstruction efficiencies provided by the collaboration ([125]) show scale
factors in the range of 0.98 to 1.02 depending on the photon’s energy and rapidity. Different
methods ([126, 127]) show very consistent results. An uncertainty of 4 % is assigned.
Jets Jet algorithms are known to be very efficient. Especially with help of Particle Flow, basically
every (meaningful) entry in the detector can be treated as a jet. Early studies suggest ([128])
that the jet reconstruction/identification efficiencies are above 99 % in data as well as MC.
Conservatively, 1 % uncertainty is assigned.
Missing Transverse Energy No uncertainties to the efficiency of /𝐸t reconstruction/identification are
assigned.
The efficiency uncertainties are assumed to be fully correlated for objects of one type and fully
uncorrelated for objects of different types13. They are also assumed to be fully correlated between
event classes, i. e. it is assumed that the presence of other objects in the event will not influence the
efficiency. Thus, when generating pseudo-experiments, one value is drawn for each uncertainty and
used in all bins of all distributions in all event classes.
6.3.5 Misidentification Probabilities
All physical objects created in a collision have a certain probability to be reconstructed as the “wrong”
objects (often referred to as fake) in the detector. Although the reconstruction algorithms and
identification criteria are optimised to avoid misreconstruction, a (small) fraction of the reconstructed
objects will originate from a different kind of particle.
To determine this fraction in MC, for every reconstructed object, the MC truth (generator
information) is scanned around this object in a cone with radius Δ𝑅 = 0.2 for the same kind of
object14. If no truth particle is found in the defined search window (i. e. in the Δ𝑅-radius), the given
particle is counted as misidentified.
With this method, objects originating from a hard interaction (e. g. leptons from Drell-Yan) will
typically have very small fractions of misidentification, while processes with a high amount of jets
will give more misidentified objects. In the hadronisation of jets, many different particles (hadrons,
e. g. pi± or pi0) are created that can also decay into “real” leptons or photons. Depending on the
jet composition and boost, the leptons/photons from the decaying hadrons will be treated as actual
objects by the reconstruction algorithms, and can also pass the selection. The identification criteria
are optimised to suppress this kind of misidentification but the sheer amount of jets in many processes
at the LHC makes jets the major source of misidentified particles.
However, in this analysis, similar to the reconstruction efficiencies, only the differences between
the MC simulation and the behaviour in data, is of interest. The determination of misidentification
13What is certainly not completely true for particles like electrons and photons. Although photon and electron
reconstruction are very similar (e. g. both have energy deposits in the ECAL), there are also considerable differences
like the non-existing track for the photon. Consequently, the correlations in the reconstruction are difficult to estimate
and are ignored in this analysis.
14E. g. isolated truth muons are identified in the vicinity of reconstructed isolated muons.
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probabilities on data is a challenging task that evolves continuously and is done by dedicated groups
within the CMS collaboration.
The following values are used to account for the differences between data and MC:
Electrons Early studies with 2010 data ([129]) suggest a large difference (up to a factor of 2) in
the misreconstruction probabilities for electrons, depending on the momentum, 𝜂-range and
identification criteria of the electron. More recent studies ([130]) show that these differences are
smaller (for HEEP Selection15: data/MC ≤ 1.5), while the total misidentification probability16
is found to be in the range of roughly 1 % (barrel) to 10 % (endcaps). Thus, an uncertainty of
50 % is assigned to the misidentification probability of electrons.
Muons The misidentification probability17 of a muon is fairly small (< 1 %), however in [131] it
has been shown that although the absolute values are reflected very well in MC, the relative
ratios (depending on the particle responsible for the misidentification, its momentum and 𝜂-
range), can be comparably large. An uncertainty of 100 % is assigned on the misreconstruction
probability of muons.
Tauons Primarily jets and electrons can be misidentified as τ-leptons. Studies with 2010 data ([123])
show that ratios in the probabilities between data and MC are in the range of 0.82 to 1.14 (with
rather large uncertainties of up to 20 %), depending on the misidentified particle’s (electron or
jet) momentum, 𝜂-range and the used discriminator value. Conservatively, an uncertainty of
40 % is assigned.
Photons The determination of the photon misidentification probability on data is rather complicated.
Preliminary studies only provide first estimates of the misidentification probability, without
comparison to the MC expectation. Various methods are under study (e. g. [132]). In this
analysis, the systematic uncertainty, arising from the methodology presented in [133] is used
as an estimate for the difference between data and MC. This number is assumed to be in the
order of 40 %, which is also assigned in this analysis.
Jets No uncertainties are assumed on the jet misreconstruction probability.
Missing Transverse Energy No uncertainties are assumed on the misreconstruction probability of
the missing transverse energy.
The contributions are assumed to be fully correlated for objects of one type and fully uncorrelated
for objects of different types. From the values given above, one value per MC event is computed
according to:
𝜎totMIS(event) =
(︁
𝑁2e,MIS(event) · 𝜎2MIS(e) +𝑁2µ,MIS(event) · 𝜎2MIS(µ) +𝑁2τ,MIS(event) · 𝜎2MIS(𝜏)+
𝑁2γ,MIS(event) · 𝜎2MIS(γ) +𝑁2jet,MIS(event) · 𝜎2MIS(jet)
)︁ 1
2
,
(6.4)
where for each event 𝑁𝛼,MIS(event) is the number of objects of type 𝛼 where no “MC truth” partner
could be found and 𝜎MIS(𝛼) is the misidentification probability for objects of type 𝛼. The kinematic
distributions (i. e. histograms) of interest are filled two more times, shifted up and down, respectively,
15High Energy Electron Pairs
16Defined as the number of electrons passing the full HEEP Selection over the number of “GSF electrons” (in events
with a single GFS electron and /𝐸t > 10 GeV) ([130]).
17In principle defined as the fraction of hadron tracks identified as (tight, cf. Sec. 7.3.3) muons ([131]).
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by 𝜎totMIS(event). This means, every event is filled with an additional weight (additional to those defined
in Sec. 6.2.7) of 𝑤MISup = 1+ 𝜎totMIS(event) and 𝑤MISdown = 1− 𝜎totMIS(event), respectively, resulting in
two additional distributions18.
The misreconstruction uncertainty in a region is determined from the total number of MC events
𝐵(region) and the number of MC events in the up and down shifted distributions 𝐵MISup(region),
𝐵MISdown(region) in any given region according to:
𝜎MIS(region) =
|𝐵MISup(region)−𝐵MISdown(region)|
2 , (6.5)
where 𝐵MISup is defined as:
𝐵MISup(region) =
𝑛bins(region)∑︁
𝑖
𝐵𝑖,MISup =
𝑛bins(region)∑︁
𝑖
𝑛samples(region)∑︁
𝑗
𝐵𝑖,𝑗,MISup,
and 𝐵MISdown likewise. 𝐵𝑖,𝑗,MISup (𝐵𝑖,𝑗,MISdown) is the total number of events in the up (down) shifted
distribution in bin 𝑖 resulting from MC sample 𝑗.
6.3.6 Charge Misassignment
In case the charge of the leptons (electrons and muons only) is considered in the classification, the
charge assignment may be wrong. Primary reason for this is a high transverse momentum of the
particle, where the curvature of the tracker track decreases so much that the reconstruction algorithms
cannot clearly distinguish the direction of the bending. Also statistical fluctuations or systematic
shifts in the tracking detectors can spoil the measurement of the curvature, and thus lead to a charge
misassignment.
Similar to the misreconstruction probabilities described above, the difference between MC
simulation and actual data is relevant in this analysis. Early studies with same-sign lepton pairs in
2010 data ([134]) suggest a ratio between data and MC of 1.5 in the charge misassignment probability,
but with large statistical uncertainties. More recent studies ([135]) show that the agreement is better
(a scale factor of 1.2± 0.2 is found). Thus, conservatively an uncertainty of 30 % is assigned to the
charge misassignment probability for electrons and muons. The uncertainties on electron and muon
charge misassignment are treated fully uncorrelated.
A very similar method is applied to account for the charge misidentification as is performed for
the object misidentification probabilities. In every MC event, for every charged particle, the MC
truth is scanned for the same type of particle and the true charge is checked. If a particle of same
type but with a different true charge (or no particle of the same type) is found in a search window
of Δ𝑅 = 0.2 around the reconstructed particle, this particle is counted as charge-misreconstructed.
A value corresponding to Eq. (6.4) is computed and the two resulting distributions are filled. The
uncertainty in a region is also computed corresponding to Eq. (6.5).
6.3.7 Parton Distribution Functions
In principle, when generating events with help of a MC generator, a choice has to be made for
the functions 𝑓𝑖, 𝑓𝑗 in Eq. (2.32). Since PDFs in the proton are determined empirically by fitting
appropriate functions to results from dedicated experiments, it is natural to chose the best fit result
when generating events. However, official fit results from (at least) three groups (CTEQ, MSTW, and
18As this is performed for each MC sample independently, in fact there are two additional distributions for every MC
sample used in the analysis.
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NNPDF) are available for LHC physics (cf. Sec. 2.1.9). Moreover, the resulting PDF fits typically
have a large number of free parameters, so that not only the best fit is provided but also one PDF for
every fit parameter varied by one standard deviation up and down (typically referred to as PDF set).
In principle, every physics process has to be generated and processed with every provided PDF set,
in order to calculate PDF induced uncertainties for the different resulting event distributions.
This procedure is obviously very time and computing-resource consuming, so that a reweighting
method has been proposed ([26]). Every process is generated only once (with a best fit PDF set from
one of the groups mentioned above) and for each resulting event, one weight is calculated for each
considered PDF set, depending on the partons involved in the hard interaction in that event, their
Bjorken-𝑥 and the momentum transfer (𝑄2). With these weights, for every considered PDF set one
distribution for every kinematic variable of interest is obtained that in turn is used to determine the
uncertainties. The official recommendations (described in [136]) to cover uncertainties resulting from
the PDF sets of the three groups mentioned above are used in this analysis and will be recapitulated
below.
While CTEQ and MSTW use the Hessian method ([137]), which effectively provides two PDF sets
for every fit parameter (one standard deviation up and one standard deviation down) in addition to
the best fit (central value), NNPDF uses a different approach, comprising neural networks trained
with MC simulation, and provides a number of equivalent sets of PDFs. In addition, all groups
provide PDF sets generated with variations of 𝛼S(𝑀Z).
From all given PDF sets, the uncertainty on the observable is calculated as:
𝜎+Fit =
⎯⎸⎸⎷𝑁PDF∑︁
𝑖
(︀
max
(︀
𝑋+𝑖 −𝑋0, 𝑋−𝑖 −𝑋0, 0
)︀)︀2
𝜎−Fit =
⎯⎸⎸⎷𝑁PDF∑︁
𝑖
(︀
max
(︀
𝑋0 −𝑋+𝑖 , 𝑋0 −𝑋−𝑖 , 0
)︀)︀2
,
(6.6)
where 𝑋0 is the observable of interest (number of events in a bin) obtained with help of the best
fit PDF, 𝑋±𝑖 are the results of the observable with the PDFs varied up/down for each fit parameter
and 𝑁PDF is the number of PDF sets in the considered group (Eq. (6.6) is sometimes referred to as
Master Equation). In this analysis, CTEQ PDF sets called CT10 are used ([138]); 52 eigenvector PDF
sets are provided in addition to the central best fit. Besides, MSTW PDF sets called MSTW 2008
are used ([27]), containing 40 eigenvector PDF sets in addition to the central PDF set. For PDF sets
from both groups, Eq. (6.6) is used to calculate the standard deviations.
Uncertainties caused by variations in 𝛼S are computed by:
𝜎±𝛼S = 𝑋
±
𝛼S
−𝑋0, (6.7)
where 𝑋±𝛼S are the values of the observable obtained after reweighting to the PDFs calculated with
𝛼S shifted up/down by one standard deviation. Eq. (6.7) is used to evaluate the uncertainties for
CTEQ and MSTW PDFs. The overall uncertainty is obtained by quadratic addition:
𝜎± =
√︁
𝜎±Fit
2 + 𝜎±𝛼S
2 (6.8)
The NNPDF group (cf. e. g. [139]) provides 100 equivalent PDF sets for every 𝛼S value that has been
used to produce those PDF sets. Seven values of 𝛼S in the range of 0.116 to 0.122 are used assuming
a Gaussian probability distribution around the central value of 0.119. To account for the distribution
around the central value, different numbers of PDF sets 𝑁 𝑖PDF created with each 𝛼S value are used.
The distribution of numbers is shown in Tab. 6.5.
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Table 6.5: Distribution of the number of used PDF sets for the different values of 𝛼S.
𝛼S(𝑀Z) 0.116 0.117 0.118 0.119 0.120 0.121 0.122
𝑁 𝑖PDF 1 4 12 16 12 4 1
A central value is computed as the arithmetic mean of all the used PDF sets (Eq. (6.9)), while the
uncertainty is the root mean square (Eq. (6.10)).
𝑋0,NNPDF =
1
𝑁rep
𝑁𝛼S∑︁
𝑖=1
𝑁 𝑖PDF∑︁
𝑗=1
𝑋𝑖,𝑗 , (6.9)
where 𝑁rep =
∑︀
𝑁 𝑖PDF, 𝑁𝛼S is the number of different 𝛼S values, 𝑁 𝑖PDF is the number of PDF sets
for 𝛼S value 𝑖 and 𝑋𝑖,𝑗 is the value of the observable obtained from (NNPDF) PDF set number 𝑗
with 𝛼S value 𝑖.
𝜎±NNPDF =
⎯⎸⎸⎸⎷ 1
𝑁rep − 1
𝑁𝛼S∑︁
𝑖=1
𝑁 𝑖PDF∑︁
𝑗=1
(𝑋𝑖,𝑗 −𝑋0,NNPDF)2 (6.10)
The resulting values are eventually combined (conservatively) into one uncertainty per resulting
observable (i. e. the number of expected events in one bin) by symmetrising the largest overall
deviations in the observable:
𝜎PDF =
1
2 ·
(︁
max
(︀
𝑋0,CTEQ + 𝜎+CTEQ, 𝑋0,MSTW + 𝜎
+
MSTW, 𝑋0,NNPDF + 𝜎
+
NNPDF
)︀−
min
(︀
𝑋0,CTEQ − 𝜎−CTEQ, 𝑋0,MSTW − 𝜎−MSTW, 𝑋0,NNPDF − 𝜎−NNPDF
)︀)︁ (6.11)
It is assumed that deviations caused by uncertainties in the PDF prediction will not vary strongly
between adjacent bins. Thus, the PDF uncertainties are treated as fully correlated when creating
regions. Consequently, one uncertainty value is sampled from a normal distribution, and used for all
bins in all event classes, when generating pseudo-experiments.
6.3.7.1 Implementation
Event weights resulting from the different PDF sets are calculated with help of the LHAPDF19
interface ([140]), which was rewritten in C++ in the year 2013.
The method to calculate the final uncertainties closely follows the PDF4LHC instructions presented
in [141], which are based on [142] and [143].
6.3.8 Number of Simulated Events
The resulting expected number of events 𝐵𝑖,𝑗 from process 𝑗 in bin 𝑖 and consequently the total
number of events in a region (after all selection criteria applied) does not represent the true
expectation but is itself a sampled quantity (following a Poissonian distribution with unknown true
mean 𝜇).
19Les Houches Accord PDF
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In order to account for the finite number of available MC entries, the statistical uncertainty on the
expectation value 𝐵𝑖,𝑗 in bin 𝑖 from sample 𝑗 is computed to:
𝜎stat𝑖,𝑗 =
⎯⎸⎸⎷∑︁
𝑙
𝑤2𝑖,𝑗,𝑙(event),
where 𝑤𝑖,𝑗,𝑙(event) is the event-dependent weight for each entry 𝑙 from sample 𝑗 in bin 𝑖 (as described
in Sec. 6.2.7) and 𝑙 runs over all entries from sample 𝑗 in bin 𝑖. The resulting uncertainties are treated
as fully uncorrelated for the different simulated processes (i. e. MC samples), and thus are simply
added in quadrature when combining regions.
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Event and Object Selection
In a model independent search, where there are no constraints on the preferred phase space region
for new physics, the selection is mainly driven by maximising the event and object quality and not
the yield of a potential signal. The selection described below represents the latest recommendations
for events and objects in the 2011 data analysis.
7.1 Event Filters
Different effects occurring in the periods of data taking have been identify to potentially spoil the /𝐸t
and other measurements in an event. Therefore, event filters have been developed that are highly
recommended by the CMS collaboration, whenever considering /𝐸t in the analysis. These event
filters are applied before any higher level objects are considered, removing the event entirely from
the analysis, if the filter criteria are fulfilled. Although most of the effects only appear in data, the
filters are equally applied to MC and data events for consistency.
All used filters are recommended by [144] and will be described shortly below.
CSC Tight Beam Halo Filter: Collisions of the beam protons with residual gas in the beam pipe
and with limiting apertures can produce secondary particles that are scattered into the CMS
detector (beam halo). Events containing beam halo can fake potentially interesting signatures
(e. g. highly energetic muons) and are thus undesired. A beam halo ID has been developed that
uses CSC1 information to reject this kind of events with high efficiency and high purity ([145]).
HCAL Anomalous Noise Filter: The HCAL anomalous noise is caused by instrumentation issues
associated with HPDs2 and RBXs3 and can cause HCAL entries up to the TeV-scale. Events
containing HCAL entries identified as noise are rejected in this analysis. It is not recommended
to only reject the noisy HCAL towers as this might lead to unphysical /𝐸t ([146]).
HCAL Laser Event Filter: In some events, the HCAL calibration laser fired during regular data
taking, resulting in unphysical HCAL entries. All events of this type are rejected in this
analysis ([147]).
ECAL Dead Cell Filter: Several ECAL cells (especially in the forward region) are masked because of
being noisy. Significant amount of energy can be lost in those regions, causing unphysical /𝐸t.
Special filters have been developed to identify events with large energy deposit in the vicinity
to the masked (dead) ECAL cells ([148]). Events tagged by these filters are removed from this
analysis.
Tracking Failure Filter: In some events, large calorimeter deposits can be found, lacking tracks in
the tracker because of failed tracking algorithms. In a different type of events, the hard collision
was strongly displaced from the nominal interaction point. A dedicated filter checks the event
topology (
∑︀
𝑝T of the tracks belonging to good vertices, divided by the sum of all transverse
1Cathode Strip Chamber
2Hybrid Photo Diodes
3Readout BoXes
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jet momenta in the event) to distinguish between good and bad events ([149]). Events tagged
by this filter are removed from the analysis.
Bad EE Supercrystal Filter: Two ECAL crystal regions in the EE4 have been found, which give
anomalously high energies. A filter has been developed to tag events containing entries in the
given regions ([144]). These events are removed from the analysis.
ECAL Laser Correction Filter: In some events, single ECAL cells receive an unphysically large
correction factor, resulting in a very energetic ECAL entry, in turn causing unphysical /𝐸t.
Events with too high (unnatural) correction factors are tagged. These events are removed from
the analysis.
In addition to those mentioned above, some event filters can only be applied on MC as they require
generator information:
Kinematics Filter: In rare cases, the hadronisation performed with help of Pythia6 causes a violation
of energy conservation (e. g. reported in [150]) in some 2011 MC samples. If energy conservation
is violated by more than 0.5 GeV, the event is removed from the analysis with help of this filter.
For consistency, this is applied to all MC events, regardless of the used generator and hadroniser.
On average these filter remove about 1.7 % of the input MC and about 1.1 % of the input data events
(before any selection is applied).
7.1.1 Primary Vertices
Aside from the event filters mentioned above, an explicit selection of the primary vertices is performed
to reject non-collision events. A primary vertex must fulfil all of the following criteria to be selected
for the analysis:
|𝑑0| < 2 cm
|𝑑z| < 15 cm
𝑁dof ≥ 4,
where 𝑑0 is the distance in the transverse plane from the nominal beam line, 𝑑𝑧 is the distance from
the nominal detector centre along the beam line and 𝑁dof is the number of degrees of freedom in
the primary-vertex fit ([151]). If no primary vertices fulfilling these criteria are found, the event is
removed from the analysis.
In case the number of reconstructed tracks is larger than 10, the fraction of high-purity tracks5
must exceed 25 % in the event to be accepted.
7.2 Event Selection
In a hadronic environment with extremely high event rates, like at the LHC, it is crucial to have a
selection mechanism that only allows events of potential interest to pass. Different trigger criteria
(particle content, momentum, 𝜂-range) on different hardware and software levels can be demanded
of an event to be accepted (cf. Sec. 3.2.7.2).
4ECAL Endcaps
5High purity is defined over an iterative set of cuts on a track’s normalised 𝜒2, number of hits in the tracker and (the
significance of) distance parameters ([152]).
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Table 7.1: List of the used single lepton HLT paths. The last row shows the trigger paths used in MC
(simulated with CMSSW 4 4 2 patch8). Some of the trigger criteria are reflected in the trigger-path
names: In general, the number in the trigger-path name (‘12’, ‘17’, ‘20’, etc.) denotes the minimum
𝑝T the triggering particle must have (i. e. 12 GeV, 17 GeV, 20 GeV, etc.). In the muon triggers,
the term ‘eta2p1’ implies that the triggering muon must have |𝜂| < 2.1. ‘Iso’ implies that some
(soft) isolation criteria have been imposed on the triggering muon. In the electron trigger, additional
calorimeter and tracker criteria are demanded (‘CaloIdL’/‘CaloIdVT’: loose/very tight calorimeter ID,
‘CaloIsoVL’/‘CaloIsoT’: very loose/tight calorimeter-based isolation, ‘TrkIdVL’/‘TrkIdT’: very loose/tight
tracker ID, ‘TrkIsoVL’/‘TrkIsoT’: very loose/tight tracker-based isolation). The suffix ‘v*’ indicates that
different versions of the same trigger path with essentially the same criteria have been used in different
runs.
SingleMu SingleElectron
HLT_IsoMu12_v* HLT_Ele25_CaloIdL_CaloIsoVL_TrkIdVL_TrkIsoVL_v*
HLT_IsoMu17_v* HLT_Ele27_CaloIdVT_CaloIsoT_TrkIdT_TrkIsoT_v*
HLT_IsoMu20_eta2p1_v* HLT_Ele32_CaloIdVT_CaloIsoT_TrkIdT_TrkIsoT_v*
HLT_IsoMu20_v* HLT_Ele42_CaloIdVT_CaloIsoT_TrkIdT_TrkIsoT_v*
HLT_IsoMu24_v* HLT_Ele52_CaloIdVT_TrkIdT_v*
HLT_IsoMu24_eta2p1_v* HLT_Ele65_CaloIdVT_TrkIdT_v*
HLT_IsoMu24_v* HLT_Ele80_CaloIdVT_TrkIdT_v*
HLT_IsoMu30_eta2p1_v*
HLT_IsoMu30_eta2p1_v3 HLT_Ele25_CaloIdL_CaloIsoVL_TrkIdVL_TrkIsoVL_v5
In this analysis, the focus is put on events containing highly energetic electrons and muons
(although tauon- and photon-triggered events are also used in the extended selection). Primarily,
events are taken into account that were accepted by trigger paths demanding one muon/electron or
two muons/electrons. For the latter the momentum thresholds are reduced significantly in comparison
to the former. A list of used triggers in the baseline selection of this analysis is given in Tab. 7.1 and
Tab. 7.2. In each event, at least one of the trigger paths given in the lists (Tab. 7.1 and Tab. 7.2)
was unprescaled (Sec. 3.2.7.2). In each event the trigger decision of the (unprescaled) trigger path
with the lowest available momentum threshold is evaluated. The event is rejected if none of the
unprescaled triggers gave a positive decision.
In the data taking period of 2011, the configuration of the triggers was subject to permanent
development and adaptation due to the steadily increasing instantaneous luminosity. Especially the
triggers presented in Tab. 7.1 reflect, how the triggers have been adjusted to cope with the changing
run conditions. For example, the HLT paths used to trigger events with one electron increased from
25 GeV momentum threshold to 80 GeV. For each event passing all event filters described in Sec. 7.1,
the selection criteria described in Sec. 7.3 are applied (removing badly reconstructed, not isolated
particles etc.) before the trigger decision is evaluated.
Dedicated studies show that the selection performed by the trigger paths reaches its full efficiency
slightly beyond the actual momentum threshold (cf. e. g. [153]). Fig. 7.1a shows that for the IsoMu24
trigger path, a plateau in the efficiency is reached beyond 𝑝µT ≈ 30 GeV. In the example shown in
Fig. 7.1b it becomes clear that the slope of the electron trigger efficiency curve is less steep compared
to that for muon triggers. There is also a clear difference between electrons in the barrel (black data
points/curve) and in the endcaps (red data points/curve).
To maximise the trigger efficiency, if one of the described trigger paths has made a positive
decision, the event must fulfil additional selection criteria to be accepted. Events from MC must
be selected in the same manner as events from data. Since the unprescaled trigger momentum
thresholds can be quite different between data and MC (cf. Tab. 7.1), an additional transverse
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Table 7.2: List of the used double lepton trigger paths. The last row shows the trigger paths used in MC (simulated
with CMSSW 4 4 2 patch8). Similar to those discussed in Tab. 7.1, some trigger criteria are denoted in the
trigger-path names: In this case, all triggers require (at least) two particles. The term ‘DoubleMu’ implies
that two muons with the same minimum 𝑝T are needed in that trigger. Triggers of the form ‘Mu13...Mu8’
or ‘Ele17...Ele8’ imply that two particles with different minimum 𝑝T are needed (13 GeV and 8 GeV in
this double muon example, and 17 GeV and 8 GeV in this double electron example). Triggering electrons
must fulfil isolation and ID requirements, similar to those mentioned in Tab. 7.1. The suffix ‘v*’ indicates
that different versions of the same trigger path with essentially the same criteria have been used in different
runs.
DoubleMu DoubleElectron
HLT_DoubleMu3_v* HLT_Ele17_CaloIdL_CaloIsoVL_
HLT_DoubleMu6_v* Ele8_CaloIdL_CaloIsoVL_v*
HLT_DoubleMu7_v* HLT_Ele17_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_
HLT_Mu13_Mu8_v* Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v*
HLT_Mu17_Mu8_v* HLT_Ele17_CaloIdT_TrkIdVL_CaloIsoVL_TrkIsoVL_
HLT_Mu17_TkMu8_v* Ele8_CaloIdT_TrkIdVL_CaloIsoVL_TrkIsoVL_v*
HLT_Mu17_Mu8_v*
HLT_Mu17_TkMu8_v*
HLT_Mu17_Mu8_v7 HLT_Ele17_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_
Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v8
momentum cut motivated by the largest of all the unprescaled triggers thresholds for one kind
of data stream is applied additionally. Therefore, muon triggered events must contain one good
muon with 𝑝µT > 35 GeV, electron triggered events must contain at least one good electron with
𝑝eT > 90 GeV, events triggered by a double-muon trigger must contain at least two good muons with
each 𝑝µT > 20 GeV and double-electron triggered events must contain at least two good electrons with
each 𝑝eT > 25 GeV.
7.2.1 Additional τ+ /𝐸t Events
In addition to the baseline event selection presented above, events triggered by a τ-lepton in
connection with missing transverse energy are also analysed. The list of the used triggers is shown
in Tab. 7.3. Various low level selection criteria (including τ-isolation and reconstructed track
momentum, indicated by the trigger path names) were used during 2011 data taking to adjust
the trigger rates. In some 2011 runs, single τ-triggers without an additional /𝐸t requirement have
been available. To keep the selection consistent (especially with the MC) /𝐸t is always demanded
in the offline selection (see below). The efficiencies of various single τ and /𝐸t triggers in 2011 data
have been studied extensively in [156]. The results suggest that τ-triggers demanding a momentum of
𝑝τT > 35 GeV reach an efficiency plateau typically around 𝑝T = 70 GeV of the reconstructed τ-jet. The
MC-data scale factors are compatible with one within uncertainties. /𝐸t triggers have considerably
broader turn-ons. The analysed triggers demanding /𝐸t > 60 GeV reached the maximum efficiency
plateau at /𝐸t ≈ 120 GeV.
These results lead to the additional criterion that an event is only accepted if one of the triggers
mentioned in Tab. 7.3 has fired, and the event contains one τ with 𝑝τT > 70 GeV and /𝐸t > 140 GeV
(nominal trigger thresholds doubled).
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(a) Efficiency of the IsoMu24 trigger path(s)
in dependence of the muon’s transverse momentum.
A turn-on is clearly visible close to the momentum
threshold of the trigger. A plateau in the efficiency is
reached about 5 GeV above the threshold ([154]).
(b) Example of the efficiency of an electron/photon
trigger path in dependence of the triggering particle’s
transverse momentum. The turn-on is flatter than
for a muon trigger. There is also a clear difference
between electrons triggering in the barrel and the
endcaps. The efficiency plateau is reached about
10 GeV above the trigger threshold. This study
has been performed on 2012 data but the effects
are similar for triggers used in 2011 ([155]). The
mentioned laser corrections (blue data points/curve)
have been introduced in the course of the data
taking in the year 2012 and are not releveant for the
presented analysis.
Figure 7.1: Examples of trigger efficiency as a function of the trigger momentum/energy threshold.
7.2.2 Additional γ Events
Another extension of the baseline selection is performed by allowing photon triggered events, and
thus event classes. Photons are treated similarly to electrons in the reconstruction but lack the track
in the tracker. Thus, the momentum criteria for triggering photons are typically stricter than for
electrons. To compensate for this and consider events with low energetic photons, events triggered
by one or two photons are considered in this analysis. The list of all used triggers is given in Tab. 7.4.
Similar to electrons, an efficiency plateau is reached about 10 GeV above the triggering momentum
threshold (cf. Fig. 7.1b). Thus, events are accepted if a single photon trigger has fired and a photon
with 𝑝γT > 150 GeV has been found in the event, or a double photon trigger has fired and two photons
with 𝑝γT > 50 GeV have been found in the event.
7.3 Object Selection
In order to allow a reliable identification of the physical objects reconstructed in the detector, different
criteria must be applied to each object. Objects failing the selection criteria defined below are removed
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Table 7.3: List of the used τ + /𝐸t trigger paths. The last row shows the trigger path used in MC (simulated with
CMSSW 4 4 2 patch8). In contrast to the trigger paths shown in Tab. 7.1 and Tab. 7.2, in this case two
different objects are needed to fulfil the trigger requirements: At least one particle-flow based τ-lepton
with 𝑝τT > 35 GeV (‘PFTau35’) must be present in all cases. In addition, it is always demanded that the
most energetic track in the τ-reconstruction has a 𝑝T above 20 GeV (‘Trk20’). Also different isolation
criteria are imposed on the reconstructed τ-leptons (‘Iso’/‘MediumIso’). Finally, in most cases missing
transverse energy above a certain threshold is demanded, denoted by, e. g. ‘MET45’, which means that /𝐸t
must exceed 45 GeV to satisfy the trigger requirements. The suffix ‘v*’ indicates that different versions of
the same trigger path with essentially the same criteria have been used in different runs.
Tau
HLT_IsoPFTau35_Trk20_MET45_v*
HLT_IsoPFTau35_Trk20_MET60_v*
HLT_IsoPFTau35_Trk20_MET70_v*
HLT_MediumIsoPFTau35_Trk20_MET60_v*
HLT_MediumIsoPFTau35_Trk20_v*
HLT_MediumIsoPFTau35_Trk20_MET70_v1
Table 7.4: List of the used single and double γ trigger paths. The last row shows the trigger paths used in
MC (simulated with CMSSW 4 4 2 patch8). The used single and double photon triggers are comparable
to the electron triggers presented in Tab. 7.1 and Tab. 7.2. Besides a momentum threshold (e. g.
‘Photon30’ for 𝑝γT > 30 GeV), calorimeter based isolation and ID criteria are imposed to the
triggering photons ‘CaloIdL’/‘CaloIdVL’/ ‘CaloIdXL’: loose/very loose/extra loose calorimeter-based ID,
‘IsoIdL’/‘IsoIdVL’/‘IsoIdXL’: loose/very loose/extra loose calorimeter-based isolation). The suffix ‘v*’
indicates that different versions of the same trigger path with essentially the same criteria have been used
in different runs.
SinglePhoton DoublePhoton
HLT_Photon30_CaloIdVL_IsoL_v* HLT_Photon26_CaloIdL_IsoVL_Photon18_v*
HLT_Photon30_CaloIdVL_v* HLT_Photon26_CaloIdXL_IsoXL_
Photon18_CaloIdXL_IsoXL_v*
HLT_Photon50_CaloIdVL_IsoL_v* HLT_Photon26_IsoVL_Photon18_IsoVL_v*
HLT_Photon75_CaloIdVL_IsoL_v* HLT_Photon26_IsoVL_Photon18_v*
HLT_Photon75_CaloIdVL_v* HLT_Photon26_Photon18_v*
HLT_Photon90_CaloIdVL_IsoL_v* HLT_Photon32_CaloIdL_Photon26_CaloIdL_v*
HLT_Photon90_CaloIdVL_v* HLT_Photon36_CaloIdL_IsoVL_
Photon22_CaloIdL_IsoVL_v*
HLT_Photon135_v* HLT_Photon36_CaloIdL_IsoVL_Photon22_CaloIdL_v*
HLT_Photon36_CaloIdL_IsoVL_Photon22_v*
HLT_Photon36_CaloIdL_Photon22_CaloIdL_v*
HLT_Photon36_IsoVL_Photon22_v*
HLT_Photon90_CaloIdVL_IsoL_v5 HLT_Photon36_CaloIdL_IsoVL_
Photon22_CaloIdL_IsoVL_v7
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from the analysis. The composition of these criteria is optimised by dedicated analysis groups6 to
maximise the selection efficiency and minimise the misreconstruction probability.
7.3.1 Pile-Up Corrections
To avoid unphysical inefficiencies in the selection, related to pile-up (or the underlying event), some
selection criteria (especially isolation variables) are defined as a function of the event variable 𝜌Event.
This variable is computed in every event as the median of the distribution of 𝑝T𝐴 , where 𝑝T is the
transverse momentum and 𝐴 is the area (in 𝜂 × 𝜑) of each jet in the event. 𝑝T and 𝐴 are computed
with help of FastJet (cf. e. g. [157]) with a 𝑘T-clustering-algorithm with Δ𝑅 = 0.6 (cf. [61]). 𝜌Event is
interpreted as the energy density per unit area contributed by pile-up (and the underlying event) in
each event.
For electrons and photons, the isolation is additionally corrected by an estimated pile-up
contribution depending on the particle’s effective area (𝐴eff) (as described e. g. in [158]). The
effective area is defined for each isolation variable, as the ratio of the slopes from linearly fitting the
particle isolation (averaged over a large number of events) against the number of pile-up vertices and
the energy density 𝜌Event against the number of pile-up vertices ([159]).
For photons, 𝐴eff is evaluated as a function of the photon’s 𝜂 and ranges from 0.012 to 0.266
depending on 𝜂 and the type of isolation (cf. [125]). For electrons, the 𝜂 dependency is more difficult
to model so that a constant value of 𝐴eff = 0.28 is assigned (cf. [160]).
With 𝜌Event measured event-by-event and known 𝐴eff for each particle type, an average
contamination caused by pile-up (and underlying event) (𝐴eff · 𝜌Event) can be assessed (per event)
and subtracted from the isolation variables of the different particles. The corrected isolation 𝐼corr is
defined as:
𝐼corr = max (𝐼uncorr −𝐴eff · 𝜌Event, 0) . (7.1)
7.3.2 Electrons
An electron produced in a proton-proton interaction will induce hits in the tracker and eventually will
be stopped, depositing its energy in the ECAL (cf. Sec. 3.2.8.3). The identification criteria ensure
that the correct track is assigned to an energy deposit potentially coming from an electron. The shape
of the energy deposit in the ECAL (cluster) is analysed to ensure that the reconstructed electron has
not been “faked” by a different particle or effect (e. g. a photon or ECAL spikes). Isolation criteria
are applied to suppress electrons coming from decaying hadrons from jets. Due to instrumental
and algorithmic differences in both detector regions, electrons detected in the endcaps are treated
slightly differently from those detected in the barrel. Electrons reconstructed in the transition regions
between the barrel and the endcaps are rejected completely.
An electron is accepted in the analysis, if it fulfils the criteria specified in Tab. 7.5, known as
HEEP Selection v4.1 ([161]). This selection has been developed and studied with 2012 data but
can be applied to 2011 data and MC. Recent studies ([162]) show that the selection has a high
efficiency (80 % to 100 %) depending on the electrons transverse energy, and that the differences in
the efficiency between MC and data are small (𝒪 (1 %)).
7.3.3 Muons
Similarly to electrons, muons produce hits in the silicon tracker but leave only a small deposit in the
calorimeters (cf. Sec. 3.2.8.2).
6Physics Object Groups
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Different criteria are applied to the muons, to ensure a good reconstruction and momentum
measurement, to suppress punch-through7 and cosmic muons. Isolation criteria are applied to reject
muons coming from decaying hadrons in jets.
Depending on the muon’s transverse momentum, two different reconstruction algorithms (in
addition to the default algorithm) are used to obtain a more reliable measurement of the
momentum ([163]):
TPFMS The Tracker Plus First Muon Station algorithm uses all tracker hits and hits in the
innermost muon station containing hits.
PMR The Picky Muon Reconstructor uses all tracker hits and hits in those muon stations, which
do not appear to contain electromagnetic showers.
The resulting collection of muons is often referred to as TeV-optimised or cocktail muons.
The muon selection used in this analysis is referred to as Tight Muon Selection ([163]) and is
summarised in Tab. 7.6. The selection efficiency of this selection has been studied thoroughly with
2011 data (in the latest re-reconstruction), and was shown to be in the range of 90 % to 99 %
depending on transverse momentum and 𝜂 of the muon ([122]).
7.3.4 Tauons
As described before (cf. Sec. 3.2.8.7), τ-leptons used in this analysis are based on the HPS
reconstruction algorithm applied on PF-jet candidates. The algorithm provides a set of discriminators
that allow each analysis to individually optimise the final selection according to its needs (high purity,
high efficiency etc.).
In this analysis, the focus is set on a rather high purity, especially to suppress misidentified jets as
τ-leptons. A summary of the used selection cuts is given in Tab. 7.7.
7.3.5 Photons
Photons have a signature similar to electrons. Major differences are the non-existent track and
the missing bremsstrahlung. The latter has the advantage that the ECAL cluster is narrower
than an electron’s, the former has the disadvantage that it is easier for a different particle to be
misidentified as a photon. With increasing pile-up, there are more object (especially jets) that can
be misreconstructed as photons, so that the photon identification has developed steadily to account
for that.
The selection used in this analysis has been optimised for the pile-up conditions in 2012 data,
but can also be used in 2011 analyses. It is the so called Cut Based Photon ID 2012 ([164]) and
is summarised in Tab. 7.8. In this analysis, the “tight” version of this selection is used in order to
considerably suppress particles misidentified as photons but keeping the efficiency at a reasonable
level (cf. [165]). The efficiency ranges from ≈ 70 % to 80 %, depending on the photon’s transverse
momentum, 𝜂 and number of pile-up vertices ([158]).
Photons reconstructed in the endcaps are rejected in this analysis, as they have shown to have
worse agreement between data and MC in past analyses.
7.3.6 Jets
In this analysis jets reconstructed with help of the Particle Flow algorithms are used (Sec. 3.2.8.5).
Different effects (instrumental noise, misreconstructed particles like electrons or photons etc.) can
7Particles reaching the muon system that are not muons.
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lead to misidentified jets. Selection criteria have been developed for PF jets to reject most of the
misreconstructed jets while keeping a high efficiency of more than 99 % ([166, 167]).
The used selection is summarised in Tab. 7.9.
7.3.7 Missing Transverse Energy
As the definition of missing transverse energy is strongly correlated with the definition of jets, missing
transverse energy used in this analysis is computed from PF candidates to be consistent with the
used PF jets. As described in Sec. 3.2.8, energy corrections are always applied to reconstructed jets.
The corrections can be propagated to the clustered objects in the /𝐸t, i. e. to the part of /𝐸t that
potentially comes from jets. This is called Type-I correction.
In this analysis, the Type-I corrected /𝐸t is used, which must exceed 50 GeV to be considered in
an event.
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Table 7.5: Summary of the HEEP Selection v4.1. Electrons must pass all specified criteria to be considered
in the analysis. Values and definitions have been extracted from [161]. A more detailed discussion
of the variables is given in [160] and [168].
Variable Barrel Selection Endcap Selection
𝐸T
a > 25 GeV > 25 GeV
𝜂SC
b |𝜂SC| < 1.442 1.56 < |𝜂SC| < 2.5
ECAL drivenc True True
|∆𝜂in|d < 0.005 < 0.007
|∆𝜑in|e < 0.06 < 0.06
𝐻/𝐸f < 0.05 < 0.05
𝜎i𝜂i𝜂 g - < 0.03
Shower shapeh
𝐸2×5/𝐸5×5 > 0.94 -
OR
𝐸1×5/𝐸5×5 > 0.83 -
𝐼Calo
i 𝐼Calo < 2.0 + 0.03 · 𝐸T + 0.28 · 𝜌
IF 𝐸T < 50 GeV:
𝐼Calo < 2.5 + 0.28 · 𝜌
ELSE:
𝐼Calo < 2.5 + (0.03 · 𝐸T − 50 GeV) + 0.28 · 𝜌
𝐼Track
j < 5 GeV < 5 GeV
𝑁Lost Hits
k < 2 < 2
|𝑑𝑥𝑦|l < 0.02 < 0.05
a Transverse (corrected) energy of the electron supercluster. The transverse energy is defined as
𝐸T = 𝐸 · sin 𝜃 where 𝜃 is the polar angle of the electron’s track.
b Pseudo-rapidity of the electron’s supercluster.
c Require the electron to be ECAL driven. Electrons can be ECAL driven (e/γ techniques) or
tracker driven (Particle Flow).
d The difference in 𝜂 between the track position as measured in the inner layer, extrapolated to
the interaction vertex and then extrapolated to the calorimeter and the 𝜂 of the supercluster.
e The difference in 𝜑 between the track position as measured in the inner layer, extrapolated to
the interaction vertex and then extrapolated to the calorimeter and the 𝜑 of the supercluster.
f Ratio of energy measured in the HCAL and the energy measured in the ECAL.
g A measure of the spread of the electron’s energy in 𝜂 in units of crystals in the 5 × 5 block
centred on the seed crystal.
h 𝐸1×5, 𝐸2×5, 𝐸5×5 define the energy deposited in crystals in strips of 𝜂 × 𝜑 around the seed
crystal. Due to bremsstrahlung, electrons may be spread in 𝜑 but should be narrow in 𝜂.
i Calorimeter based isolation. It is defined as the sum of the ECAL and HCAL isolation. The
ECAL isolation parameter is defined as the transverse electromagnetic energy of ECAL entries
in a Δ𝑅 cone of 0.3 radius centred on the electron’s position in the calorimeter excluding
the electron’s deposit. HCAL isolation is defined as the hadronic energy of all the HCAL
entries in a Δ𝑅 cone of 0.3 radius centred on the electron’s energy position in the calorimeter,
excluding entries in a Δ𝑅 cone of radius 0.15. Typically the isolation is quoted as “uncorrected”
(cf. Sec. 7.3.1) and the selection value is defined as 𝜌Event-dependent.
j Tracker based isolation, is defined as the sum of transverse momenta of tracks in a Δ𝑅 cone
of 0.04− 0.3, i. e. excluding the electron track.
k Number of lost hits in the inner tracker layers. Used to reject converted photons.
l Transverse impact parameter with respect to the primary vertex.
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Table 7.6: Summary of the Tight Muon Selection for 2011 data. Muons must pass all specified criteria to
be considered in the analysis. Values and definitions are extracted from [163] and [169] which are
based on studies presented in [120] and [131].
Variable Selection
𝑝T
a > 20 GeV
|𝜂| b < 2.1
Global muonc True
𝜒2/𝑛dof
d < 10.0
𝑁valid muon hits
e ≥ 1
𝑁matched stations
f ≥ 2
𝑑B
g < 0.2
𝑁pixel hits
h ≥ 1
𝑁tracker layers with measurement
i ≥ 9
𝜎𝑝T
𝑝T
j < 100 %
𝐼relPF
k < 0.12
a The (transverse) momentum is extracted from the TeV optimised muon refits (cf. [170])
b The geometric acceptance of the muon triggers is limited to |𝜂| = 2.1.
c Require the muon to be a global muon (reconstructed from a standalone muon and the
best-fitting tracker track) (cf. Sec. 3.2.8.2).
d 𝜒2/𝑛dof of the global muon fit. This criterion is used to suppress hadronic punch-through
and muons from decays in flight.
e Number of muon chamber hits included in the global-muon track fit. Used to suppress
punch-through.
f Muon segments found in at least 𝑁matched stations muon stations. Used to suppress punch-
through and accidental track-to-segment matches.
g Signed transverse impact parameter with respect to the primary vertex. Used to suppress
cosmic muons and muons from decays in flight.
h Number of hits in the pixel tracker. Used to suppress muons from decays in flight.
i Number of tracker layers with hits. Used to guarantee a good 𝑝T measurement in the tracker.
j In addition to the official selection, this analysis conservatively requires the transverse
momentum of the global muon track to be measured with a relative precision of less
than 100 %. Used to suppress cases with extremely (unphysically) large momenta and
uncertainties.
k Particle Flow based, combined, relative isolation. It is
defined as: 𝐼 =
∑︀
𝐸T(CH)+
∑︀
𝐸T(NH)+
∑︀
𝐸T(PH)
𝑝µT
, where
∑︀
𝐸T(CH),
∑︀
𝐸T(NH),
∑︀
𝐸T(PH)
are the sums of the transverse energy of all charged hadrons, neutral hadrons and photons,
respectively, reconstructed with help of the Particle-Flow algorithm(s), in a Δ𝑅 cone with
radius 0.4 around the muon (cf. Sec. 3.2.8.4).
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Table 7.7: Summary of the τ-identification. The variable/discriminator definitions and values have been
extracted from [171, 172] and [123].
Variable/Discriminator Selection
𝑝T
a > 20 GeV
|𝜂| b < 2.3
decayModeFindingc true
byTightCombinedIsolationDeltaBetaCorrd true
againstElectronTighte true
againstMuonTightf true
a The τ-lepton selection is optimised for τ-leptons with a transverse momentum
of > 20 GeV ([171]).
b The geometrical acceptance is motivated by the CMS tracker acceptance (up to
|𝜂| ≈ 2.5), so that the isolation cone is (Δ𝑅 = 0.5) is mostly included in the tracking
region (cf. [123]).
c This discriminator checks assumptions made on the reconstructed PF jet that classify
it as a τ-lepton. These are especially the narrowness of the “τ-jet” and the invariant
mass of the jet, which must be compatible with the mass of a visible τ-decay product
(i. e. a meson like 𝜚(700)). This discriminator is designed to have a high efficiency
(cf. [173]).
d In order to suppress QCD jets misidentified as τ-leptons, an isolation discriminator
is used. The ∆𝛽-corrected
∑︀
𝑝T of PF charged and PF gamma candidates (with
𝑝T > 0.5 GeV) in an isolation cone with Δ𝑅 = 0.5 must be smaller than 0.8 GeV.
The isolation is corrected for pile-up contributions (hadrons not coming from the
same primary vertex as the τ-lepton itself). The ∆𝛽-correction assumes that the
neutral hadron contribution to the pile-up energy is 50 % of the charged hadron
contribution ([123, 172]).
e Electrons create a track in the tracker and energy deposits in the ECAL (and potentially
also in the HCAL) and thus have a similar signature to τ-leptons. An MVA9 based
discriminator is used to reduce the electron contamination ([172]).
f Also muons can be misidentified as τ-leptons. This discriminator ensures that the τ-
track has no match with a global or tracker muon and a large enough energy deposit
in the ECAL and HCAL ([172]).
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Table 7.8: Summary of the Cut Based Photon ID 2012. Photons must pass all specified criteria to enter
the analysis. The “tight” version has been chosen to maximise the selected photon purity. All
definitions and values have been extracted from [125] and [158].
Variable Selection
𝑝T > 25 GeV
|𝜂| a < 1.442
Require conversion safe electron vetob True
𝜎i𝜂i𝜂 c < 0.011(︀
𝐻
𝐸
)︀
Single Tower
d < 0.05
𝜌-corrected 𝐼CHPF e < 0.7 GeV
𝜌-corrected 𝐼NHPF f < 0.4 GeV + 0.04 · 𝑝T
𝜌-corrected 𝐼PHPF g < 0.5 GeV + 0.005 · 𝑝T
a Only photons reconstructed in the barrel region are used in this analysis.
b In the calorimeter, isolated electrons look very similar to photons. Thus, an efficient electron
veto algorithm has been developed ([174]).
c Same as for electrons (cf. Tab. 7.5).
d Ratio of energy measured in the HCAL and the energy measured in the ECAL. The definition
of this variable is different compared to the electron case (cf. Tab. 7.5). Instead of the sum of
HCAL energy deposit within Δ𝑅 < 0.15 of the supercluster position, only the single closest
HCAL tower to the supercluster position is used. This definition is intended to provide
higher efficiency with increasing pile-up ([158]).
e Sum of charged hadron energy in a hollow cone of 0.02 < Δ𝑅 < 0.3. Corrected according to
Eq. (7.1).
f Sum of the neutral hadron energy in a cone of Δ𝑅 = 0.3. Corrected according to Eq. (7.1).
g Sum of the photon energy in a cone of Δ𝑅 = 0.3 with a Δ𝜂 = 0.015 strip, around the actual
photon, removed. Corrected according to Eq. (7.1).
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Table 7.9: Summary of the PF Jet ID. Jets must pass all specified criteria in |𝜂| < 2.4 to enter the analysis.
The “loose” version of this ID is recommended and has been used in this analysis. All definitions
and values have been extracted from [175].
Variable Selection
𝑝T
a > 50 GeV
|𝜂|b < 2.4
𝑓NH
c < 0.99
𝑓NEM
d < 0.99
𝑛constituentse > 1
|𝜂| > 2.4f
𝑓CH
g > 0.0
𝑓CEM
h < 0.99
𝑛charged
i > 0
a In this analysis, the transverse momentum cut for jets and the missing transverse energy cut
are set to the same value, as both objects are used consistently, i. e. both are reconstructed
with help of Particle Flow with the same kind of corrections applied (cf. Sec. 7.3.7).
b Dedicated studies ([167]) have shown that rejection of noise in the jet identification is best
for |𝜂| < 2.4.
c Fraction of jet energy carried by neutral hadrons.
d Fraction of jet energy carried by neutral electromagnetic particles.
f For the sake of completeness the selection for |𝜂| > 2.4 is also given.
g Fraction of jet energy carried by charged hadrons.
h Fraction of jet energy carried by charged electromagnetic particles (electrons).
i Charged multiplicity: Number of charged particles in the jet (charged hadrons and electrons).
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7.4 Event Cleaning
In general, one and the same piece of (low-level) detector information will be used by different
reconstruction algorithms, so that several candidates can be reconstructed from it. Also the same
piece of information can be part of several candidates of the same type of particle. For example,
entries in the ECAL can lead to a photon but also to an electron if there is a track pointing to the
reconstructed supercluster but can also become a jet candidate.
In this analysis, the particle collections are cleaned from overlapping particles of the same type
(duplicates) as well as from overlapping particles of different types (cross cleaning). Thus, a maximum
disambiguation is reached, resulting in completely disjoint particle collections.
The cleaning is performed when two reconstructed particles are found to be closer than a predefined
distance Δ𝑅max(particle). This distance is set for every particle type individually, and has been
chosen to always correspond to the radius of the cone in which the isolation for that type of particle
is computed. This means: Δ𝑅max(µ) = 0.4, Δ𝑅max(e) = 0.3, Δ𝑅max(τ) = 0.5, Δ𝑅max(γ) = 0.3,
cf. Tab. 7.5, Tab. 7.6, Tab. 7.7, Tab. 7.8
The following rules are applied to all data and MC events to clean the particle collections:
Jets By construction, jets do not overlap (cf. Sec. 3.2.8.5). Thus, there is no dedicated jet-jet
cleaning in this analysis. However, basically every other physical object can give rise to a PF
jet reconstructed in the detector. To avoid double counting of particles in an event, the jet
collection is cleaned from every other kind of particle. Every particle in an event that is not a
jet (µ, e, τ, γ) is checked for a jet in the particles predefined Δ𝑅max(particle) distance, and if
one is found, the jet is removed.
Tauons As τ-leptons are reconstructed with an approach similar to jets (cf. Sec. 3.2.8.7) they are
also treated in a similar way in the cleaning. If a tauon is closer than Δ𝑅max(particle) to any
other particle (µ, e, γ) in the event, the τ is removed from the event.
Photons Photons and electrons have very similar signatures in the detector. Thus, if an electron is
within Δ𝑅max(e) of a photon, an additional check is performed to make sure that the photon
and the electron do not share the same supercluster. If they do, the photon is removed from the
event. Since the handling of bremsstrahlung photons, arising from high-energy muons in the
tracker material is not completely efficient, photons that are closer than Δ𝑅max(µ) to muons are
removed. In a manner similar to the electron cleaning, photons are also checked for duplicate
photons. If a photon is closer than Δ𝑅max(γ) to another photon in the event and both share
the same supercluster, the less energetic photon is removed.
Electrons Since the handling of bremsstrahlung photons, arising from highly energetic muons in the
tracker material, is not completely efficient, these photons in combination with the muon’s track
can lead to an electron signature in the event. Thus, if an electron is closer than Δ𝑅max(µ) to a
muon, the electron is removed. In addition, if an electron is closer than Δ𝑅max(e) to any other
electron in the event, it is checked if the electrons share the same supercluster in the ECAL or
the same track in the tracker. In either case, the less energetic electron is removed from the
event.
Muons The same entries in the detector can be shared by more than one reconstructed muon track.
Thus, if a muon is within Δ𝑅max(µ) to another muon in the event, the muon with the lower
quality10 track is removed.
10Here the quality of the track is the fit probability calculated from the track fits 𝜒2 and number of degrees of freedom.
The higher the probability, the better the track.
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7.5 Jet Resolution Correction
The studies presented in [61] have shown that the resolution of the jet transverse momentum is better
in the MC simulation than in data. As described before, the measurement of jets is highly correlated
with the measurement of the missing transverse energy in an event. Depending on the |𝜂| of the jet,
the scale factors in the resolution range from 1.052 to 1.288 in 2011 MC-data comparison ([176]).
The method presented in [176] allows to correct the MC for the differences in the resolution to
data. Every jet in every MC event is checked for a matching jet on generator level. If found, the 𝑝T
of the reconstructed jet is corrected to:
𝑝rec jet, corrT = 𝑝gen jetT + 𝑐 ·
(︀
𝑝rec jetT − 𝑝gen jetT
)︀
, (7.2)
where 𝑐 is the (|𝜂|-dependent) resolution scale factor between MC and data. If no matching jet is
found on generator level11 the reconstructed jet 𝑝T is randomised with help of a Gaussian distribution
𝒩
(︁
𝑥; 𝑝rec jetT ,
√
𝑐2 − 1 · 𝜎MC
)︁
(jet energy resolution smearing), where again 𝑐 is the scale factor, and
𝜎MC is the width of the distribution 𝑝rec jetT − 𝑝gen jetT before the correction.
If the corrected jet 𝑝T ≤ 0, the jet is removed from the event.
All 𝑝T corrections applied to all jets in an event (including the jet removal) are summed up,
resulting in one value for the 𝑥-component, Δ𝑝𝑥, and one value for for the 𝑦-component, Δ𝑝𝑦. The
missing transverse energy vector is corrected by these values, resulting in a new corrected missing
transverse energy:
/𝐸
corr
t =
⃒⃒⃒⃒
⃒⃒/𝐸t −
⎛⎝Δ𝑝𝑥Δ𝑝𝑦
0
⎞⎠⃒⃒⃒⃒⃒⃒ (7.3)
This method is performed before any selection is applied.
11This can for example happen, if the jet comes from a pile-up vertex, as the generator information is not stored for
pile-up events.
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Chapter 8
Analysis of 2011 CMS Data
In this chapter, results of the analysis of the full CMS 2011 dataset with about 5/fb will be presented
in detail. The analysis is subdivided into several parts. The first part presents results of the baseline
set-up of the model unspecific analysis with 2011 data and is focused on electron and muon triggered
events only. In the second part, additional event classes containing τ-leptons as well as event classes
induced by τ + /𝐸t-triggered events will be investigated. In the third part, event classes induced by
photon triggered events will be taken into account.
In all configurations the three kinematic variables of interest (cf. Sec. 4.5) have been investigated.
Inclusive and exclusive event classes (cf. Sec. 5.2.1) have been scanned independently and the results
will be presented in parallel.
8.1 Electron and Muon Induced Event Classes
Electrons and muons are the best understood objects in CMS, both having very high reconstruction
efficiencies and very low misidentification probabilities. Moreover, final states containing (high-
energy) leptons are often characteristic signatures in new physics models. Hence, the analysis of
events (and thus event classes) containing electrons and muons is the fundamental task of the model
unspecific search for new physics.
The analysis is performed in several steps: In the first step, event classes are treated as simple
counting experiments, comparing the total number of expected events in every event class with the
total number of data events found after the selection (Mode 1). In the second part, the results of
the full scan of all kinematic distributions of all event classes will be shown (Mode 2). In the third
part, the impact on the results will be shown when lepton (electron and muon) charges are taken
into account, as described in Sec. 5.2.1.1.
There is no explicit pre-selection of event classes. The final set of event classes entering this analysis
is defined by the used datasets, the MC samples used as input (cf. Sec. 6.3.1), the event selection
(cf. Sec. 7.2) and the object selection (cf. Sec. 7.3). With this input, the 2011 analysis yields a total
of 400 exclusive and 431 inclusive event classes containing at least one data or MC events.
8.1.1 Event Classes as Counting Experiments (Mode 1)
Only 172 of the 400 exclusive event classes have been taken into account since the other ones fulfil the
criteria to be skipped (cf. Sec. 5.3.5.2). The event classes contain up to five electrons, four muons,
three photons and eleven jets, respectively. For all event classes found in data an MC prediction
exists. A summary of the 50 most significant (smallest 𝑝-values) exclusive event classes can be found
in Fig. 8.1. Aside from the 𝑝-values, this plot shows the SM predictions, split into the individual
processes, as well as the systematic uncertainties and the total number of measured data events,
itemised by event classes, sorted by increasing 𝑝-value (i. e. decreasing significance).
In this first step, no striking deviations are visible. Most of the measured numbers agree with the
predicted values within the systematic and statical uncertainties. Fluctuations in both directions
(more/less data than expected) are visible, which is a first indication that there is no general
luminosity or cross-section under- or overestimation.
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Figure 8.1: The 50 most significant exclusive event classes in 2011 data. Each bin represents one event class:
The predicted total number of events from SM processes is represented by the differently coloured
areas, the grey shaded area shows the total systematic uncertainty on the expected total number
of events, and the black marker shows the number of measured data events for each event class.
The SM processes are stacked and sorted by their total contribution in each event class. The
rightmost column shows the 𝑝-values obtained from these numbers.
8.1 Electron and Muon Induced Event Classes 121
The four most significant exclusive event classes have 𝑝-values in the range of 1.3 · 10−2 to 6.6 · 10−5,
which can be translated to Gaussian standard deviations of about 2.5 𝜎 to 4.0 𝜎 (the calculation is
given in App. A).
To interpret the overall significance of the analysis, an additional presentation of the results is
used. For every event class, a number of pseudo-experiments is generated and for each of the
pseudo-experiments one 𝑝-value is computed. The resulting set of 𝑝-values is used to construct the
expectation of the distribution of 𝑝-values for a SM-only hypothesis. Fig. 8.3a shows the comparison
of expected and measured 𝑝-values for all analysed exclusive event classes. The solid, blue histogram
is the distribution of the 𝑝-values obtained from the pseudo-experiments, the black crosses represent
the 𝑝-values obtained from the MC-data comparison. For each considered event class 105 pseudo-
experiments have been generated to obtain these results. The blue histogram is normalised to the
number of event classes analysed. Overall, a very good agreement between the expected and measured
𝑝-value distributions is found. Only one event class is obviously more significant than expected:
2e+1γ+3jet with 0.20± 0.07 expected and 4 measured events. It has a 𝑝-value of 6.6 · 10−5 but only
3 · 10−2 event classes are expected to have a 𝑝-value as small as this.
A full list of all analysed exclusive event classes with the corresponding numbers of predicted and
measured events, as well as the resulting 𝑝-values, is given in Tab. C.1.
Also the inclusive event classes have been analysed. The same conditions were applied as for the
exclusive classes. Of the 431 inclusive event classes, 191 contain at least one data event or an MC
expectation of more than one event (cf. Sec. 5.3.5.2). The 50 most significant event classes for this
analysis are given in Fig. 8.2. Again, no strikingly significant deviations can be seen. The four
most significant event classes have 𝑝-values in the range of 4.2 · 10−2 to 2.2 · 10−3, corresponding to
approximately 2.0 𝜎 to 3.0 𝜎.
The most significant class is the corresponding inclusive class to the most significant exclusive
class: 2e+1γ+3jet+X with 0.7± 0.3 expected and 5 measured events. Although it is the event class
with the smallest 𝑝-value, Fig. 8.3b shows that about 0.9 event classes with a 𝑝-value as small as this
are expected.
From this point of view, one can argue that the inclusive event classes show better agreement than
the exclusive. On the other hand, Fig. 8.3b shows that some of the data points lie below the MC
expectation, while in the very first bin, the data point is above the expectation. Thus, there are more
“insignificant” event classes than would be expected from the systematic and statical uncertainties.
The effect is small, and could be explained by overestimation of some of the considered systematic
uncertainties.
A full list of all analysed inclusive event classes with the corresponding numbers of predicted and
measured events, as well as the resulting 𝑝-values, is given in Tab. C.2.
The discrepancies found in the exclusive and inclusive event classes will be discussed in Sec. 8.1.5.
8.1.2 Scan of Kinematic Distributions (Mode 2)
Even though the total expected and measured number of events can agree in an event class, deviations
may show up when considering the kinematic distributions within the event class. For example, it
can occur that the distribution in data is twisted with respect to the MC prediction (caused by BSM
physics) but still contains a similar total number of events. Or the majority of the distributions is
described correctly but there is an excess (or deficit) in a very localised region (e. g. in the high-energy
tails) caused by a small number of events compared to the total number of events in that event class.
These deviations can be spotted with help of the detailed scans of the kinematic distributions as
described in Sec. 5.3.4 (Mode 2).
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Figure 8.2: The 50 most significant inclusive event classes in 2011 data. Each bin represents one event class:
The predicted total number of events from SM processes is represented by the differently coloured
areas, the grey shaded area shows the total systematic uncertainty on the expected total number
of events, and the black marker shows the number of measured data events for each event class.
The SM processes are stacked and sorted by their total contribution in each event class. The
rightmost column shows the 𝑝-values obtained from these numbers.
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(a) 𝑝-value distribution for all considered exclusive
event classes in the integral scan. The first bin
contains 127 expected and 132 measured event
classes. In total 17 · 106 pseudo-experiments have
been generated to obtain the blue histogram.
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(b) 𝑝-value distribution for all considered inclusive
event classes. The first bin contains 142 expected
and 156 measured event classes. In total 19 · 106
pseudo-experiments have been generated to obtain
the blue histogram.
Figure 8.3: 𝑝-value distributions of the exclusive and inclusive integral scans in 2011 data. The blue
histograms represent the expected distributions obtained from MC pseudo-experiments, the black
markers show the 𝑝-values obtained from data-MC comparison. Event classes must contain at
least one data event or have an MC expectation of ≥ 1 to be considered in this distribution. The
blue histograms are normalised to the total number of analysed event classes.
The scan results for the different kinematic variables (cf. Sec. 4.5) will be presented independently,
discussing exclusive and inclusive results in parallel. A comprehensive discussion of the most
interesting event classes from all scans will be given in Sec. 8.1.4 and Sec. 8.1.5.
8.1.2.1 Initial Validation
Before starting a detailed scan, which is a time consuming procedure, some validation and plausibility
tests are performed in order to make sure that the used MC samples are reliable, cross section and
luminosity scaling is not obviously wrong, etc. To demonstrate this, some representative distributions
(of the different kinematic variables considered in this analysis), containing a large number of events
have been chosen. A first example is the (invariant) mass distribution of two muons, shown in
Fig. 8.4.
This typical MUSiC plot is structured as follows:
• In the upper left, the event class name can be found. In the upper right the 𝑝-value of the
Region of Interest and (in case it was determined) the 𝑝 for this distribution can be found. The
lower right labels the plotted kinematic variable and unit.
• In the lower left the integrated luminosity of the dataset used to obtain the plot is shown. The
centre of mass energy (
√
𝑠) is given in the centre of the plot, just below the upper abscissa.
• The two dashed, blue lines define the Region of Interest. It is always determined and shown
even if the discrepancies are small.
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Figure 8.4: Mass distribution of the exclusive 2µ event class. The mass distribution reaches down to 0 GeV,
i. e. no minimum mass restriction is given. The distribution is clearly dominated by the Drell-Yan
process. The RoI is found close to 500 GeV. The minimum region width is set to one bin when
scanning mass distributions (cf. Sec. 5.3.4.3). Since the 𝑝-value is very close to one the found
deviation is not significant at all.
• The SM prediction is grouped by the different physics processes. Each process is unambiguously
colour-coded and the processes are stacked, sorted by ascending integrated total number of
events (in some cases the total number of events for each process is given in parentheses).
• The total systematic uncertainty on the SM prediction is given by the size of the grey shaded
area.
• The measured data events (including statistic uncertainties) are represented by the black
markers.
• The lower histogram represents the ratio of measured to expected events.
The resonant structure around 𝑀µµ ≈ 90 GeV in Fig. 8.4, resulting from Z-boson production, allows
to reliably check the overall normalisation. This distribution is clearly dominated by the Drell-Yan
process over the whole range, while the contributions of multi-boson, tt, single top and W+ jets
are negligible. Although the low energy resonance (Υ) has a very small overall contribution, it is
dominant in the first and relevant in the second bin of this distribution. The agreement between
the expected SM distribution and the measured data is excellent. The RoI is found in a bin close to
500 GeV, with a 𝑝-value of 0.01, caused by a deficit in data (compared to the MC prediction) in this
particular bin.
An example for a distribution well-suited to perform an initial examination of the
∑︀
𝑝T variable,
is that of the inclusive one electron event class. This distribution can be seen as the 𝑝T distribution
of the leading electron in all events (containing at least one electron) and is shown in Fig. 8.5.
This distribution clearly demonstrates another feature of the selection in this analysis: the
“double turn-on”. Since events from different data streams with different trigger thresholds
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Figure 8.5:
∑︀
𝑝T distribution of the inclusive 1e event class. This distribution can be seen as the distribution
of the leading electron 𝑝T in all considered events containing at least one electron. The
distribution starts at the lowest 𝑝T for electrons required in an event to enter the analysis,
which is 25 GeV (cf. Sec. 7.2). The distribution is dominated by the Drell-Yan process in
the DoubleElectron regime (
∑︀
𝑝T < 90 GeV) and by QCD multi-jet in the SingleElectron
regime (
∑︀
𝑝T ≥ 90 GeV). MC entries labelled as ‘Multi-Jet’ can be contributions from all QCD
samples listed in Tab. 6.4 (including the various enriched samples), i. e. the production of all
partons with the exception of top quarks. The RoI is found close to 700 GeV. A RoI must be at
least three bins wide to be considered when scanning a
∑︀
𝑝T distribution (cf. Sec. 5.3.4.3). The
value of 𝑝 ≈ 1 reflects that the deviation found in the RoI (and consequently the distribution) is
not significant at all.
(SingleElectron: 80 GeV, DoubleElectron: 8 GeV and 17 GeV, etc.) are used in this analysis,
the distribution is dominated by Drell-Yan events in the low energy regime (where two electrons are
needed in the event to trigger), while QCD multi-jet events (as described in Sec. 6.2.8.9) take over as
soon as the energy regime of the SingleElectron trigger selection is reached (90 GeV in this case).
Aside from Drell-Yan and QCD multi-jet, W+ jets plays a non-negligible role in this distribution.
QCD multi-jet events can only enter this event class if one of the jets has been misidentified as an
electron (or a non-prompt electron has been produced, e. g. in a b-quark decay). In the high-energy
region the γ+ jets process also becomes relevant, where either the photon or one of the jets has been
misidentified as an electron. The RoI is around 700 GeV with a 𝑝-value of 0.06, where above all, a
few W+ jets entries with large scale factors and one data event are selected. In the ratio-distribution,
most entries are close to 1, and some larger values are only present in the tail. These are primarily
caused by single events and are all consistent within the statistical and systematic uncertainties.
One of the SM processes with the largest cross section is W+ jets production. Since the W can
decay into a lepton and a corresponding neutrino, it will give rise to events containing /𝐸t. Fig. 8.6
exemplarily shows the exclusive 1e+/𝐸t event class. Events from W+ jets enter this event class in
case there are no jets produced or all jet momenta are below the selection threshold.
This distribution shows an excellent agreement between data and MC prediction in the whole /𝐸t
range. Aside from W+jets, all other SM processes are negligible in this case. All /𝐸t distributions
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Figure 8.6: /𝐸t distribution of the exclusive 1µ+/𝐸t event class. The distribution starts at /𝐸t = 50 GeV,
as this is the selection threshold for /𝐸t in all events. This distribution is clearly dominated by
W+ jets, where only events entered the event class that had no jets or where all jet momenta
were below the selection threshold or where all jets were outside of the considered 𝜂-range. The
RoI is found close to /𝐸t ≈ 300 GeV with a 𝑝-value of 0.019. A RoI must be at least three bins
wide to be considered when scanning a /𝐸t distribution (cf. Sec. 5.3.4.3). Since 𝑝 is close to 1,
the found deviation is not significant at all.
start at 50 GeV (except when considering τ+ /𝐸t-triggered events, cf. Sec. 8.2) as this is the amount
of /𝐸t an event must have to be considered in the analysis (cf. Sec. 7.3).
Another important SM process is tt production. A clear signature can be found when both top-
quarks decay leptonically resulting in two leptons, two (b-)jets, and /𝐸t from the neutrinos. One
event class representing this final state is 1e+1µ+2jet+/𝐸t. Fig. 8.7 shows the
∑︀
𝑝T distribution of
the objects in this event class.
This distribution shows again an excellent agreement between the SM prediction and the measured
data. This event class is completely dominated by the tt production and all other processes can be
neglected. Other tt related event classes perform with comparable quality.
Semi-Inclusive Event Classes
Semi-inclusive event classes (cf. Sec. 5.2.1) can also be used as a validation tool. A selection of
distributions will be shown that might help to spot potential inconsistencies or a poor SM description.
The first distribution is the
∑︀
𝑝T of 1γ+X*, shown in Fig. 8.8, which is the 𝑝T of the leading
photon in all considered events containing at least one photon. The asterisk indicates that events
in this event class must contain at least one electron or one muon in addition to the photon. The
distribution is dominated by Drell-Yan events (with an ISR/FSR photon) and associated Wγ and
Zγ production (labelled as ‘Multi-Boson’, cf. Sec. 6.2.8.7). The contribution from γ+ jets is small
because no photon data stream is considered in this part of the analysis. The distribution found in
data is very well described by the MC expectation over the whole 𝑝T-range up to almost 800 GeV,
where the highest energetic photon can be found (in data).
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Figure 8.7:
∑︀
𝑝T distribution of the exclusive 1e+1µ+2jet+/𝐸t event class. This distribution is dominated by
tt production, where both top-quarks decay leptonically. The RoI is found at
∑︀
𝑝T ≈ 1000 GeV
with a 𝑝-value of 0.06. 𝑝 is very close to 1; this deviation is not significant at all.
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Figure 8.8:
∑︀
𝑝T of semi-inclusive event class 1γ+X*. The distribution is equivalent to the leading photon 𝑝T
distribution for all considered events containing at least one photon. A RoI has been identified,
but this kind of event class is not used within the analysis, so that no 𝑝-value has been computed.
To allow a better perception of the data and MC agreement, the total number of events is given
in parentheses for every considered process in this distribution, as well as for data.
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The second semi-inclusive distribution, shown in Fig. 8.9, is the combined mass in 5jet+X*, i. e.
the (invariant) mass of five jets in all events containing five jets and at least one electron or one muon.
This distribution is clearly dominated by tt events and shows a very good agreement between data
and MC prediction up to almost 4 TeV.
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Figure 8.9: Combined mass of semi-inclusive event class 5jet+X*. A RoI has been found, but this kind of
event class is not used within the analysis, so that no 𝑝-value has been computed. The total
number of events is given in parentheses for every considered process in this distribution as well
as for data.
Finally, Fig. 8.10 shows the /𝐸t+X* event class, which is the /𝐸t distribution for all considered
events containing /𝐸t and at least one electron or one muon. This distribution is clearly dominated
by W+ jets events as this is the primary source for missing transverse energy (in conjunction with
leptons) in SM processes at the LHC. /𝐸t in Drell-Yan events can be explained by mis-measured jet
energies. Events from tt production are indeed expected to contain /𝐸t but this process has a cross
section that is orders of magnitude smaller than W+ jets.
These and other semi-inclusive event classes have been examined and showed no particularities.
8.1.2.2 Sum of Transverse Momenta
After the initial validation, the results of a full scan of all
∑︀
𝑝T distributions in all considered event
classes will be shown. As described in Sec. 5.3.5, several constraints are applied in order to remove
event classes from the analysis that can never become significant. A total of 169 (out of 400) exclusive
and 187 (out of 431) inclusive event classes remains for scanning. The resulting 𝑝 distributions for
the inclusive and exclusive
∑︀
𝑝T distributions are shown in Fig. 8.11. As described in Sec. 5.3.7, the
blue solid histograms show the distribution of the 𝑝-values obtained from all pseudo-experiments,
while the black markers represent the 𝑝-values found in data-MC comparison. The blue histogram
is normalised to the total number of event classes considered.
A reasonable overall agreement between the expected and data 𝑝-values is found in the scan of the∑︀
𝑝T distributions.
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Figure 8.10: /𝐸t of semi-inclusive event class /𝐸t+X*. The distribution is equivalent to the missing transverse
energy in all considered events. A RoI has been found but this kind of event class is not used
within the analysis, so that no 𝑝-value has been computed. The total number of events is given
in parentheses for every considered process in this distribution as well as for data.
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(a) 𝑝 distribution of the exclusive
∑︀
𝑝T scan. The
first bin contains 104 expected and 124 data event
classes. In total, 9.0 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive
∑︀
𝑝T scan. The
first bin contains 115 expected and 138 data event
classes. In total, 5.2 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
Figure 8.11: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the
∑︀
𝑝T variable in exclusive and inclusive event classes. The area of the
blue histogram is normalised to the total number of analysed event classes.
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In the case of exclusive event classes, three classes have been found that deviate more than expected.
The event classes are: 2e+1γ+3jet, 1e+4jet and 1e+1µ+1γ+3jet+/𝐸t. These event classes have 𝑝
in the range of 1.99 · 10−4 to 4.84 · 10−4, which correspond to approximately 3.5 𝜎 to 3.7 𝜎. Only
about 0.5 event classes are expected to deviate that much. On the other hand, in the first bin, i. e.
very low significance, there are more event classes in data than expected from MC.
In the case of inclusive event classes, the situation is similar. In the bin containing the most
significant event class with 𝑝 ≈ 4.67 · 10−4 (corresponding to about 3.5 𝜎), only about 0.5 event
classes are expected, while the first bin again holds more (insignificant) classes than expected. The
most significant event class in this scan is: 1e+1µ+1γ+3jet+/𝐸t+X.
The full lists of event classes in these scans can be found in Tab. C.3 and Tab. C.4. The event
classes with the highest significance will be discussed collectively in Sec. 8.1.5.
8.1.2.3 Combined Mass
In this section, the results of the full scan of the combined mass distributions will be presented. Since
it only makes sense to compute the combined mass in events with two or more objects, the event
classes 1e, 1µ, 1e+X, 1µ+X are not considered in this scan and it comprises a total of 169 (out of 398)
exclusive and 187 (out of 429) inclusive event classes. In events (and thus event classes) containing
missing transverse energy, the transverse mass 𝑀T (cf. Sec. 4.5.2) is analysed. The resulting 𝑝
distributions for the exclusive and inclusive distributions are shown in Fig. 8.12. Similar to the
∑︀
𝑝T
scans (Fig. 8.11), the MC expectation and the computed 𝑝-values in data agree over a wide range of
𝑝-values.
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(a) 𝑝 distribution of the exclusive combined mass scan.
The first bin contains 128 expected and 141 data event
classes. In total, 12 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive combined mass scan.
The first bin contains 146 expected and 157 data event
classes. In total, 5.6 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
Figure 8.12: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the combined mass variable in exclusive and inclusive event classes. The area of
the blue histogram is normalised to the total number of analysed event classes.
In the case of exclusive event classes, especially the most significant event class attracts attention,
with a 𝑝 of 4.5 · 10−6, which corresponds to 4.5 𝜎. This event class is: 2e+1γ+3jet. In this 𝑝
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range, only 4 · 10−3 event classes are expected. The three second-most significant event classes have
𝑝-values in the range of 1.3 · 10−3 to 2.0 · 10−4, corresponding to 3.7 𝜎 to 3.8 𝜎. These event classes
are: 2e+1µ+3jet, 1e+1µ+1γ+3jet+/𝐸t and 2µ+1τ+3jet. Only about 0.4 event classes are expected
to be that significant.
In the case of inclusive event classes, the agreement is better, and only one event class is more
significant than expected. This event class is: 1e+1µ+1γ+3jet+/𝐸t+X. In that event class a 𝑝
of 5.3 · 10−4 is found (approximately 3.5 𝜎), and only 0.4 event classes are expected to be that
significant.
The full lists of event classes in these scans can be found in Tab. C.5 and Tab. C.6. The event
classes with the highest significance will be discussed collectively in Sec. 8.1.5.
8.1.2.4 Missing Transverse Energy
Naturally, only event classes containing /𝐸t as an object can be considered when analysing the
missing transverse energy distributions. With this additional requirement, the number of analysed
event classes shrinks to 81 (out of 189) exclusive, and 83 (out of 198) inclusive. The resulting 𝑝
distributions for the exclusive and inclusive scans are shown in Fig. 8.13.
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(a) 𝑝 distribution of the exclusive /𝐸t scan. The first
bin contains 57 expected and 62 data event classes.
In total, 4.2 · 106 pseudo-experiments have been
produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive /𝐸t scan. The first
bin contains 59 expected and 63 data event classes.
In total, 2.5 · 106 pseudo-experiments have been
produced to obtain the blue histogram.
Figure 8.13: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the /𝐸t variable in exclusive and inclusive event classes. The area of the blue
histogram is normalised to the total number of analysed event classes.
In the case of exclusive event classes, three event classes are found to be more significant than
expected. These event classes are: 2e+1µ+1γ+1jet+/𝐸t, 2e+6jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t.
The most significant event class has a 𝑝 of 7 · 10−4 (approximately 3.4 𝜎) but only 0.15 event classes
are expected to be that significant. The two second-most significant event classes have 𝑝-values
of 3.9 · 10−3 (2.9 𝜎) and 2.2 · 10−3 (3 𝜎), respectively. 0.85 event classes are expected to be that
significant.
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In the case of inclusive event classes the agreement is better and all bins agree within uncertainties.
The most significant event class is: 1e+1µ+1γ+2jet+/𝐸t+X. It has a 𝑝 of 4.5 · 10−3 (about 2.8 𝜎)
where 0.65 event classes are expected to be that significant.
The full lists of event classes in these scans can be found in Tab. C.7 and Tab. C.8. The event
classes with the highest significance will be discussed collectively in Sec. 8.1.5.
8.1.3 Event Classes with Lepton Charges
The first extension of the baseline selection is to take the charges of leptons (electrons and muons)
into account when sorting the events into event classes. Lepton pairs produced in SM processes
typically have opposite charge, so that signatures containing same-sign leptons might give a hint for
new physics. When taking charges into account, the number of event classes increases significantly.
Every event class containing two or more leptons is potentially split into two or more event classes,
according to the combination of charges (cf. Sec. 5.2.1.1). In total 557 exclusive and 599 inclusive
event classes are found with this configuration.
8.1.3.1 Sum of Transverse Momenta
In
∑︀
𝑝T, 211 (out of 557) exclusive and 234 (out of 599) inclusive event classes have been considered
in this scan. The resulting 𝑝 distributions are shown in Fig. 8.14. The distributions show a similar
behaviour to what has been found in the scan without charge consideration. A good agreement
between MC prediction and measured data is found over a wide range of 𝑝-values, while a small
number of “too significant” event classes appears.
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(a) 𝑝 distribution of the exclusive
∑︀
𝑝T scan. The
first bin contains 134 expected and 151 data event
classes. In total, 16 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive
∑︀
𝑝T scan. The
first bin contains 162 expected and 170 data event
classes. In total, 13 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
Figure 8.14: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the
∑︀
𝑝T variable in exclusive and inclusive event classes considering electron
and muon charges. The area of the blue histogram is normalised to the total number of analysed
event classes.
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In the case of exclusive event classes, four event classes are found that are more significant
than expected. These event classes are: 2µ[2Q], 2e+1γ+3jet[0Q], 1e+1µ+1γ+3jet+/𝐸t[0Q] and
2µ+4jet+/𝐸t[2Q]. They have 𝑝-values in the range of 1.5 · 10−3 to 2.7 · 10−5 (approximately 3.2 𝜎 to
4.2 𝜎). Furthermore, the first bin contains more data event classes than expected.
In the case of inclusive event classes, the agreement is better. All bins agree within uncertainties,
with exception of two classes that are more significant than expected. These event classes are:
2µ+X[2Q] and 1e+1µ+1γ+3jet+/𝐸t+X[0Q]. The 𝑝-values are 7.5 · 10−4 (3.2 𝜎) and 2.5 · 10−5
(4.2 𝜎).
The full lists of event classes in these scans can be found in Tab. C.9 and Tab. C.10. The event
classes with the highest significance will be discussed collectively in Sec. 8.1.5.
8.1.3.2 Combined Mass
When analysing the mass distributions, again event classes containing only one electron or one muon
are ignored. Fig. 8.15 shows the results of the full scan, considering electron and muon charges.
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(a) 𝑝 distribution of the exclusive combined mass scan.
The first bin contains 137 expected and 148 data event
classes. In total, 22 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive combined mass scan.
The first bin contains 166 expected and 165 data
event classes. In total, 17 · 106 pseudo-experiments
have been produced to obtain the blue histogram.
Figure 8.15: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the combined mass in exclusive and inclusive event classes considering electron
and muon charges. The area of the blue histogram is normalised to the total number of analysed
event classes. Red markers show event classes where no 𝑝-value could be computed because the
distributions were too significant (and not enough pseudo-experiments could be generated).
In the exclusive case, several deviations can be seen. The seven most significant event classes have
𝑝-values in the range of 1.4 · 10−3 to 3.5 · 10−6 (approximately 3.2 𝜎 to 4.6 𝜎), while only about 0.5 are
expected from MC. These event classes are: 2µ[2Q], 2e+1γ+3jet[0Q], 2e+1µ+3jet[1Q], 3e+1jet[3Q],
2µ+4jet+/𝐸t[2Q], 1e+1µ+1γ+3jet+/𝐸t[0Q] and 2µ+/𝐸t[2Q]. In fact, 2µ[2Q] is so significant (small
𝑝-value) that 𝑝-value could not be computed because it was not possible to generate a sufficient
number of pseudo-experiments. It is displayed by a red marker in the distribution.
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In the inclusive case, there are also some deviations, but the overall agreement is slightly better.
In the highest two bins, eight event classes are observed, with 𝑝-values in the range of 7.6 · 10−3 to
3.5 · 10−4 (approximately 2.7 𝜎 to 3.6 𝜎), where about 2.5 are expected. These event classes are:
2e+1γ+3jet+X[0Q], 1e+1µ+1γ+3jet+/𝐸t+X[0Q], 2µ+X[2Q], 2µ+4jet+/𝐸t+X[2Q], 2µ+1γ+X[0Q],
2e+1µ+1γ+/𝐸t+X[1Q], 1e+1µ+1γ+2jet+/𝐸t+X[0Q] and 1µ+2γ+1jet+X.
The full lists of event classes in these scans can be found in Tab. C.11 and Tab. C.12. The event
classes with the highest significance will be discussed collectively in Sec. 8.1.5.
8.1.3.3 Missing Transverse Energy
Again, only event classes containing /𝐸t are analysed in this case. 99 (out of 262) exclusive and
102 (out of 271) inclusive event classes have been analysed considering electron and muon charges.
The results are presented in Fig. 8.16
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(a) 𝑝 distribution of the exclusive /𝐸t scan. The first
bin contains 70 expected and 68 data event classes.
In total, 7.5 · 106 pseudo-experiments have been
produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive /𝐸t scan. The first
bin contains 71 expected and 68 data event classes.
In total, 6.2 · 106 pseudo-experiments have been
produced to obtain the blue histogram.
Figure 8.16: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the /𝐸t variable in exclusive and inclusive event classes considering electron and
muon charges. The area of the blue histogram is normalised to the total number of analysed
event classes.
In the exclusive event classes, the agreement between MC prediction and data is comparable to
that in the scan without charge consideration. The three most significant event classes have 𝑝-values
in the range of 4.5 · 10−3 to 5.8 · 10−4 (approximately 2.8 𝜎 to 3.4 𝜎), while 1.3 event classes are
expected to be that significant. These event classes are: 2e+1µ+1γ+1jet+/𝐸t[1Q], 2e+6jet+/𝐸t[0Q]
and 1e+1µ+1γ+3jet+/𝐸t[0Q].
In the inclusive case, the agreement is also good. The four most significant event classes have
𝑝-values in the range of 2.9 · 10−3 to 5.6 · 10−3 (approximately 2.8 𝜎 to 3.0 𝜎), while 1.3 event
classes are expected to be as significant. These event classes are: 1e+1µ+1γ+2jet+/𝐸t+X[0Q],
2e+1µ+1γ+1jet+/𝐸t+X[1Q], 2e+1µ+1γ+/𝐸t+X[1Q] and 2e+6jet+/𝐸t+X[0Q].
The full lists of event classes in these scans can be found in Tab. C.13 and Tab. C.14. The event
classes with the highest significance will be discussed collectively in Sec. 8.1.5.
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8.1.4 Discussion of Insignificant Event Classes
There are various general reasons why a region or distribution can be “insignificant”, i. e. have a large
(close to 1) 𝑝-value or 𝑝-value. In many cases these distributions are simply described very well by the
used MC prediction, as has already been shown, e. g. in Fig. 8.4, so that the 𝑝-value (and consequently
𝑝) is large in all investigated regions. Also, even a comparably large deviation in one region (causing
a small 𝑝-value) can be reduced in significance by the LEE (cf. Sec. 4.7.2). An example is given
in Fig. 8.17, where the distribution is well described by the MC, yet in the high
∑︀
𝑝T-tail there is
a discrepancy between data and MC prediction (RoI: 1950 GeV <
∑︀
𝑝T < 2110 GeV), presumably
caused by an insufficient number of available events in the dominant MC samples in that region
(i. e. W+ jets and QCD multi-jet) and seemingly by a simultaneous upward fluctuation in data, with
0.4± 0.8 expected and 8.0 observed events. In this RoI, the 𝑝-value has been calculated to 2 · 10−4
(corresponding to 3.5 𝜎) but the large number of filled bins (roughly 160) makes it probable to find a
deviation as strong as this one by pure chance, so that the LEE-corrected significance is three orders
of magnitude smaller (𝑝 ≈ 0.3).
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Figure 8.17:
∑︀
𝑝T of 1e+3jet+X. The RoI is comparably significant (2 · 10−4), while the LEE induced by
the large number of filled bins (160 bins filled up to 5 TeV) causes the overall significance of
this distribution to drop to 𝑝 ≈ 0.3.
However, these effects cannot explain why there are more insignificant event classes found in
data than expected from MC, as they affect both the 𝑝-value calculations on the measured data
distributions as well as the creation and evaluation of generated pseudo-experiments.
An entirely different effect can decrease the significance of a distribution (drastically): In case one
or more of the assumed uncertainties are overestimated, the measured data in the formed regions will
deviate (on average) less than what is expected from these uncertainties. Since the uncertainty values
used for pseudo-experiment generation are “too large” (Sec. 5.3.6), there will be “too many” pseudo-
distributions that deviate more than the measured data, artificially reducing the overall significance
(i. e. increasing the 𝑝-value) of the given distribution. This effect is rather difficult to identify, as
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it can be cumbersome to spot distributions and regions with overestimated uncertainties. However,
two examples will be provided below to give an impression.
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𝑝T distribution of the exclusive 1e event class. The
RoI found close to 500 GeV is not very significant with
𝑝 ≈ 0.28. The large uncertainties are primarily caused
by the fill-up (cf. Sec. 5.3.4.4). When focusing on the
uncertainties in this distribution (grey shaded area),
the step-like fill-up contributions (resulting from the
different used QCD multi-jet samples) are visible at∑︀
𝑝T ≈ 250 GeV, 300 GeV, 375 GeV, 450 GeV, etc.
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(b) Relative uncertainties for each bin for the
∑︀
𝑝T
distribution in the exclusive 1e event class. The
different contributions are colour-coded and not
stacked. The solid black line shows the total
systematic uncertainty, which is calculated from the
individual contributions by quadratic addition. In
the RoI the uncertainty is clearly dominated by
the fill-up, followed by the statistical uncertainties
on the number of MC events and the cross-section
uncertainty.
Figure 8.18:
∑︀
𝑝T distribution and its relative uncertainties for the exclusive 1e event class.
The first example shows the impact of the fill-up mechanism, described in Sec. 5.3.4.4. The
distribution shown in Fig. 8.18 is one of the most insignificant in the exclusive
∑︀
𝑝T scan (cf.
Tab. C.3). Fig. 8.18a shows the actual
∑︀
𝑝T distribution of the one electron exclusive event class
(which is the 𝑝T of the electron in events containing only one electron after the selection), while
Fig. 8.18b shows the different relative contributions (colour-coded) to the total systematic uncertainty
in each bin of that distribution. The uncertainties are not stacked and the black solid line shows
the total uncertainty, resulting from adding the individual uncertainties in quadrature. The RoI is
found in the range of 450 GeV <
∑︀
𝑝T < 580 GeV with 0.2± 2.1 expected and 3.0 observed events.
In Fig. 8.18b it is clearly visible that the systematic uncertainty in the RoI is dominated by the
fill-up mechanism, which in this case is caused by several QCD multi-jet contributions, visible in
Fig. 8.18a up to
∑︀
𝑝T ≈ 350 GeV. The figures also show that the fill-up in that particular region
is probably exaggerated. However, the algorithm is strictly applied to all distributions and cannot
consider individual event classes, distributions or regions in a special manner (this also means that
the fill-up uncertainty is used in the generation of pseudo-distributions). This distribution is also a
good example why some type of fill-up is necessary: All electrons, arising from the QCD multi-jet
process, are misidentified jets. There is no physical reason, why the multi-jet contribution should
end at any value of
∑︀
𝑝T (i. e. 𝑝T of the electron in this case) and is only limited by the finite
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number of generated events in the different multi-jet samples. Judging from the present entries up
to
∑︀
𝑝T ≈ 350 GeV, the QCD multi-jet contribution would probably be small (< 1) in the RoI, even
with a sufficient number of available events, but the effective uncertainties would be considerably
smaller. This means, that without the fill-up, but with an adequate multi-jet contribution, this
deviation would be most probably more significant.
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∑︀
𝑝T distribution of the 1e+1jet+X event class.
The focus is put on the bulk of the distribution,
rather than on the RoI. The legend additionally
shows the total number of expected events for each
SM process and the total number of measured
data events in parentheses. This distribution is
clearly dominated by QCD multi-jet, W+ jets and
Drell-Yan production. The agreement between MC
prediction and data is very good, even though the
uncertainties are very large.
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(b) Relative uncertainty distribution for the
∑︀
𝑝T
distribution in the 1e+1jet+X event class. The
focus is put on the bulk of the distribution,
rather than on the RoI. In the bulk, the
dominating uncertainties are the cross section and
the misidentification uncertainty. Since all QCD
multi-jet samples are produced with LO generators
(Pythia6), and no additional higher order 𝑘-factors
are available, the cross section uncertainty has been
estimated to 50 % in all cases. The uncertainty
on the misidentification probability is calculated as
described in Sec. 6.3.5, which should be revised in
future incarnations of this analysis.
Figure 8.19:
∑︀
𝑝T distribution and its relative uncertainties in the 1e+1jet+X event class.
In the second example, another very insignificant event class will be discussed. Fig. 8.19 shows
the 1e+1jet+X event class, which is one of the least significant inclusive event classes for
∑︀
𝑝T
(cf. Tab. C.4). The ordinate in Fig. 8.19a is displayed linearly, in order to emphasise the large
uncertainties in the bulk of the distribution (150 GeV <
∑︀
𝑝T < 600 GeV). Fig. 8.19b reveals that
the total systematic uncertainty in this region is dominated by the cross section and misidentification
uncertainties, while the high-energy tail is dominated by statistical uncertainties on the number of
available MC events. This is exactly what one would expect in this kind of distribution, since the
largest contribution is QCD multi-jet, which, on one hand, is described by LO Pythia6 samples, and
where, on the other hand, the electron coming from that process, is a misidentified jet. The overall
very good agreement between data and MC prediction in the shape and also in the total number of
events (shown in parentheses in the legend of Fig. 8.19a) is a strong hint that the uncertainties are
overestimated, at least for this particular final state. Especially the method used to estimate the
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Table 8.1: Summary of the three most significant event classes for each scan type (including the integral
scans) and considered variable. When considering electron and muon charges, the sum of charges
is given in brackets at the end of the event class name. Similar event classes have been typeset in
similar colours.
Scan Type most significant second most significant third most significant
Int. Scan excl. 2e+1γ+3jet 1e+1µ+1γ+3jet+
/𝐸t 2µ+1γ+3jet
incl. 2e+1γ+3jet+X 1e+1µ+1γ+2jet+/𝐸t+X 1e+1µ+1γ+3jet+/𝐸t+X∑︀
𝑝T
excl. 2e+1γ+3jet 1e+4jet 1e+1µ+1γ+3jet+/𝐸t
incl. 1e+1µ+1γ+3jet+/𝐸t+X 2e+1γ+3jet+X 1e+2γ+2jet+X
Mass excl. 2e+1γ+3jet 2e+1µ+3jet 1e+1µ+1γ+3jet+
/𝐸t
incl. 1e+1µ+1γ+3jet+/𝐸t+X 2e+1γ+3jet+X 2e+1µ+1γ+/𝐸t+X
/𝐸t
excl. 2e+1µ+1γ+1jet+/𝐸t 2e+6jet+/𝐸t 1e+1µ+1γ+3jet+/𝐸t
incl. 1e+1µ+1γ+2jet+/𝐸t+X 2e+1µ+1γ+1jet+/𝐸t+X 2e+6jet+/𝐸t+X∑︀
𝑝T [Q]
excl. 2µ[2Q] 2e+1γ+3jet[0Q] 1e+1µ+1γ+3jet+/𝐸t[0Q]
incl. 2µ+X[2Q] 1e+1µ+1γ+3jet+/𝐸t+X[0Q] 2e+1γ+3jet+X[0Q]
Mass [Q] excl. 2µ[2Q] 2e+1γ+3jet[0Q] 2e+1µ+3jet[1Q]
incl. 2e+1γ+3jet+X[0Q] 1e+1µ+1γ+3jet+/𝐸t+X[0Q] 2µ+X[2Q]
/𝐸t [Q]
excl. 2e+1µ+1γ+1jet+/𝐸t[1Q] 2e+6jet+/𝐸t[0Q] 1e+1µ+1γ+3jet+/𝐸t[0Q]
incl. 1e+1µ+1γ+2jet+/𝐸t+X[0Q] 2e+1µ+1γ+1jet+/𝐸t+X[1Q] 2e+1µ+1γ+/𝐸t+X[0Q]
misidentification uncertainties (cf. Sec. 6.3.5) is apparently not suited to account for this type of
distribution.
In order to improve the situation, QCD multi-jet samples produced with higher order generators,
and/or higher-order cross-section calculations are needed. These samples would give a better
description of the data distribution in complicated final states and phase space areas, simultaneously
allowing to reduce the (cross-section) uncertainties. Also a more sophisticated algorithm to account
for misidentification probability is needed in order to lower the obviously overestimated uncertainties
in distributions like the one shown above. To achieve a more accurate description, individual
misidentification rates for all object combinations would be needed (e. g. probability for a jet to
be misidentified as an electron, as a muon, as a photon, etc.), which represent challenging studies
that go beyond the scope of this analysis.
8.1.5 Discussion of Most Significant Event Classes
Since the results of the different scanning configurations presented above show deviations in similar
event classes, a comprehensive discussion of these deviating event classes will be given below.
At first, an overview of the three most deviating event classes for each scan type is given in Tab. 8.1.
Some of these event classes will be discussed below. For easier perception, similar event classes have
been typeset in similar colours. As can be clearly seen, some event classes are predominant and appear
in several scan types. For example, 2e+1γ+3jet (with zero charge in case of charge consideration),
which is coloured red in all cases, appears as one of the most significant classes in all scan types that
do not consider the /𝐸t variable.
8.1.5.1 Exclusive and Inclusive 2e+1γ+3jet and 2µ+1γ+3jet Event Classes
Event classes containing two leptons (electrons or muons), one photon and three jets are the most
common among the most deviating classes, in almost all scan types (cf. Tab. 8.1). As the same data
8.1 Electron and Muon Induced Event Classes 139
events cause these deviations (within one type of event class), and the two types of event classes are
similar (two leptons), they will be discussed collectively.
Fig. 8.20 shows the exclusive and inclusive
∑︀
𝑝T and combined mass distributions for 2e+1γ+3jet,
while Fig. 8.21 shows the corresponding distributions for the event classes considering lepton charges.
For the latter case, only the “zero charges” distributions are shown here (which means the electrons
have opposite sign charges), since the “two charges” event classes (same sign electrons) contain no
data and negligible MC contribution. The plots show that distributions of the same type (inclusive,
exclusive, charge considering), on one hand, and
∑︀
𝑝T and mass on the other hand, are almost
identical in this case. The exclusive distributions, always contain four, the inclusive distributions
always contain five data events, while the MC expectation is well below one in all cases (cf. Tab. C.1,
Tab. C.2). In most cases the RoIs contain all data events, while the MC expectation can be as low
as (9±230) ·10−5 in case of inclusive combined mass with charges (cf. tables in App. C.2, App. C.3).
The five data events will be discussed below.
The exclusive and inclusive
∑︀
𝑝T distributions of the related event classes 2µ+1γ+3jet are shown
in Fig. 8.22. A similar situation can be found in these distributions, two data events are found
in both cases, while the MC expectation is well below one. In the inclusive distribution, the SM
expectation in the RoI has a large uncertainty, caused by the fill-up induced by one Drell-Yan entry
(located outside of the RoI) at
∑︀
𝑝T ≈ 400 GeV. This additional contribution makes the inclusive
distribution clearly less significant compared to the exclusive distribution, where the RoI contains 2
data events and an expectation of 0.007± 0.009 events. Some properties of these two events will be
discussed in the following.
An attempt to explain the identified deviations is made by looking into the events causing the
deviations. Since only five events in the di-electron and two events in the di-muon case are found
in total in the different event class types, these seven events can be examined in detail. A list of
these events’ properties can be found in Tab. 8.2. All events have a rather large
∑︀
𝑝T (> 460 GeV).
Events from the single and double lepton data streams can enter these event classes. The minimum
possible
∑︀
𝑝T is 225 GeV for the di-electron classes1 and 215 GeV for the di-muon classes2. In all
events, the missing transverse energy is rather small (< 50 GeV) or almost non-existent (< 10 GeV),
which shows that the events are very well balanced. In almost all cases, the (invariant) mass of
the di-lepton system is close to the Z-boson mass, which makes it probable that these events are
Drell-Yan events with jets and one ISR/FSR photon.
No particularities have been found in these events and two representative ones are shown in Fig. 8.23
and Fig. 8.24. The jets are opposite to the di-lepton system, and the photons carry moderate
momenta.
The fact that the SM Drell-Yan contribution in the actual distributions is extremely small (one
entry with a weight of 3.2 · 10−4 in the di-electron case and one entry with a weight of 5.9 · 10−1 in
the di-muon case, cf. Fig. 8.20, Fig. 8.21, Fig. 8.22) might be a hint that this particular final state
is not modelled well in the Drell-Yan MC. It is also possible that some kind of new physics process
(including the SM Drell-Yan process) is responsible for the discrepancies between MC expectation
and measured data events.
In order to evaluate the quality of the MC simulation in this kind of final state, some “neighbouring”
event classes shall be examined. At first, the corresponding event class without a photon has been
examined: Fig. 8.25a shows the
∑︀
𝑝T distribution of the exclusive 2e+3jet (i. e. each event must
contain exactly two electrons and three jets to enter this distribution). The distribution is described
1Minimum 𝑝T for triggering electrons from the DoubleElectron stream is 25 GeV, minimum 𝑝T for photons is 25 GeV,
minimum 𝑝T for jets is 50 GeV.
2Minimum 𝑝T for triggering muons from the DoubleMu stream is 20 GeV, minimum 𝑝T for photons is 25 GeV, minimum
𝑝T for jets is 50 GeV.
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(a)
∑︀
𝑝T of exclusive 2e+1γ+3jet. The RoI contains
all four events in this distribution. This is the most
significant distribution in the exclusive
∑︀
𝑝T scan.
0 200 400 600 800 1000 1200
Ev
en
ts
 / 
10
 G
eV
-510
-410
-310
-210
-110
1
10
+3jet incl.γClass: 2e+1 =0.000207
data
p =0.00516p~
Data (5.0)
 (4.9e-1)tt
Multi-Boson (2.3e-1)
 (3.3e-4)t ttt
Drell-Yan (3.2e-4)
BG uncert
CMS private  = 7 TeVs
 / GeVT pΣ
0 200 400 600 800 1000 1200
D
at
a 
/ M
C
1
10
210
310
L dt = 5.0 / fb∫
(b)
∑︀
𝑝T of inclusive 2e+1γ+3jet. The RoI contains
all five events in this distribution. The fifth event
(not included in the exclusive class) has four jets.
This is the second-most significant distribution in
the inclusive
∑︀
𝑝T scan.
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Ev
en
ts
 / 
10
 G
eV
-510
-410
-310
-210
-110
1
10
+3jet excl.γClass: 2e+1 =7.36e-08
data
p =4.5e-06p~
Data (4.0)
Multi-Boson (9.2e-2)
 (7.9e-2)tt
Drell-Yan (3.2e-4)
BG uncert
CMS private  = 7 TeVs
Mass / GeV
0 200 400 600 800 1000 1200 1400 1600 1800 2000
D
at
a 
/ M
C
1
10
210
310
410
510
L dt = 5.0 / fb∫
(c) Combined mass of exclusive 2e+1γ+3jet. The RoI
contains three of the four events in this distribution.
This is the most significant distribution in the
exclusive combined mass scan.
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Ev
en
ts
 / 
10
 G
eV
-510
-410
-310
-210
-110
1
10
+3jet incl.γClass: 2e+1 =2.68e-05
data
p =0.00194p~
Data (5.0)
 (4.9e-1)tt
Multi-Boson (2.3e-1)
 (3.3e-4)t ttt
Drell-Yan (3.2e-4)
BG uncert
CMS private  = 7 TeVs
Mass / GeV
0 200 400 600 800 1000 1200 1400 1600 1800 2000
D
at
a 
/ M
C
1
10
210
310
410
510
L dt = 5.0 / fb∫
(d) Combined mass of exclusive 2e+1γ+3jet. The RoI
contains three of the five events in this distribution.
The fifth event (not included in the exclusive class)
has four jets. This is the second-most significant
distribution in the inclusive combined mass scan.
Figure 8.20:
∑︀
𝑝T and combined mass of exclusive and inclusive 2e+1γ+3jet. This is the most significant
event class in the exclusive and inclusive integral scans. See also Tab. C.1, Tab. C.2, Tab. C.3,
Tab. C.4.
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(a)
∑︀
𝑝T of exclusive 2e+1γ+3jet[0Q]. The RoI
contains all four events in this distribution. This
is the second-most significant distribution in the
exclusive
∑︀
𝑝T scan considering lepton charges.
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𝑝T of inclusive 2e+1γ+3jet[0Q]. The RoI
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is the third-most significant distribution in the
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𝑝T scan considering lepton charges.
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(c) Combined mass of exclusive 2e+1γ+3jet[0Q]. The
RoI contains three of the four events in this
distribution. This is the second-most significant
distribution in the exclusive combined mass scan
considering lepton charges.
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(d) Combined mass of inclusive 2e+1γ+3jet[0Q]. The
RoI consists of only one bin, containing two of the
five events in this distribution. This is the most
significant distribution in the inclusive combined
mass scan considering lepton charges.
Figure 8.21:
∑︀
𝑝T and combined mass of exclusive and inclusive 2e+1γ+3jet[0Q]. All distributions are very
similar to those without charge consideration (cf. Fig. 8.20).
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∑︀
𝑝T of inclusive 2µ+1γ+3jet. The RoI contains
both events in this distribution. This distribution is
not significant in particular and is shown for the sake
of completeness.
Figure 8.22:
∑︀
𝑝T of exclusive and inclusive 2µ+1γ+3jet. The significance of these distributions is
considerably smaller than of the di-electron event classes, since only two measured events
are found in these classes. The combined mass and charge considering distributions are not
presented, since they are very similar to the distributions shown and give no further insight into
the events.
Table 8.2: Summary of the seven identified events in the most significant di-lepton event classes (cf. Tab. 8.1).
𝑀 denotes the combined mass of all objects (after selection) in the given event, while 𝑀ll denotes
the combined mass of the two leptons in the event. The given uncertainties have been calculated
with help of the resolutions presented in Sec. 4.6 and represent only estimates.
Run Number LS Event Number
∑︀
𝑝T/GeV 𝑀/GeV /𝐸t/GeV 𝑀ll/GeV
2e+1γ+3jet
163475 247 174913510 616± 13 976± 17 7± 7 76± 1
166512 582 703455889 460± 12 857± 16 18± 12 61± 1
171812 319 401533649 468± 13 760± 15 25± 16 77± 1
173692 670 968609899 772± 12 978± 17 28± 16 379± 2
2e+1γ+4jet
176308 37 49057204 461± 11 584± 13 49± 12 129± 1
2µ+1γ+3jet
165472 143 166018633 561± 15 1094± 21 3± 3 87± 1
180241 174 270571708 592± 15 969± 19 27± 14 88± 1
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(a) 𝜂 − 𝜑-view of the event. The black circles mark the three jets considered in this event. The
two electrons are marked with cyan stars, while the photon is marked with a green cross.
The missing transverse energy is marked with a yellow line.
(b) 𝜌− 𝜑-view of the event. Red and blue “towers” mark the ECAL and HCAL entries (length
proportional to the energy). The black cones and bars mark the three jets. This view nicely
shows that the event is balanced: The three jets point to the lower left, while the electrons
and the photon point to the upper right (in this view, the photon is hidden “behind” one of
the electrons). The missing transverse energy of about 7 GeV is small and almost invisible
in this illustration (see label in the upper left).
Figure 8.23: Run/LS/Event: 163475/247/174913510.
Different views of one of the five di-electron events (cf. Tab. 8.2). The missing transverse energy
is displayed, although it does not pass the analysis’ selection criteria.
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(a) 𝜌 − 𝑧-view of the event. The two red lines (on the upper left) mark the two muons. The
photon is marked by a small green area, close to an ECAL entry. The three jets are marked
as black cones and bars. The missing transverse energy of about 3 GeV is very small and
almost invisible in this illustration (see label in the upper part).
(b) 𝜌 − 𝜑-view of the event. The two red lines mark the two muons. The photon is marked by
a small green area, close to an ECAL entry. The three jets are marked as black cones and
bars. The missing transverse energy of about 3 GeV is very small and almost invisible in this
illustration (see label in the upper hemisphere).
Figure 8.24: Run/LS/Event: 165472/143/166018633.
Different views of one of the two di-muon events (cf. Tab. 8.2). The missing transverse energy
is also displayed, although it does not pass the selection criteria.
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𝑝T of exclusive 2e+3jet. When considering events
with no additional photon, the MC describes the bulk
of the distribution well, but provides an insufficient
number of events in the high-energy tail. Still the
agreement is very good.
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𝑝T of exclusive 2e+1γ. When considering
Drell-Yan-like events without additional jets but with
one photon, the agreement is not ideal. In the turn-on
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(c)
∑︀
𝑝T of exclusive 2e+1γ+1jet. The distribution of
Drell-Yan-like events with one photon and one jet,
shows features similar to those in (b).
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∑︀
𝑝T of exclusive 2e+1γ+2jet. When adding another
jet, the number of events drops again, and only 13
data events are left (with an MC expectation of
about 9). It becomes difficult to jugde the agreement,
which again shows that the used samples are not ideal.
Figure 8.25:
∑︀
𝑝T of neighbouring exclusive event classes of 2e+1γ+3jet used to demonstrate the behaviour
of the used MC samples.
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very well by the MC. This is again evidence that the jet multiplicities and kinematics are described
very well in the used (MadGraph) Drell-Yan samples.
In the next step, event classes with two electrons and one photon but with one and two jets,
respectively, will be examined. Fig. 8.25b, Fig. 8.25c, Fig. 8.25d show the exclusive
∑︀
𝑝T distributions
of 2e+1γ, 2e+1γ+1jet, 2e+1γ+2jet, respectively. Fig. 8.25b already shows that the description of
data is not ideal. In the turn-on region, the MC prediction is clearly larger than what is found in
data, while the bulk (150 GeV <
∑︀
𝑝T < 300 GeV) is described well. In the high-energy tail, the
MC samples have an insufficient number of events. In Fig. 8.25c the situation is comparable, while
the total number of expected and measured events has dropped by a factor of about five, so that the
discrepancies appear less severe. In Fig. 8.25d the total number of events in data has dropped by a
factor of 4.8, while the MC expectation has dropped by a factor of 8.8 (compared to 2e+1γ+1jet,
shown in Fig. 8.25c). Also the available number of MC events in basically all contributing samples
is insufficient. Fig. 8.25d also indicates that the binning (determined according to Sec. 4.6.1) is
probably too fine for this kind of final state. (The results for the corresponding di-muon event classes
are very similar.)
To some extent, the shown discrepancies between MC prediction and data in this type of final
state can be explained by the used MC samples. Two SM processes are fully dominant in the shown
distributions: Drell-Yan (with associated jets) and Wγ/Zγ production (cf. Fig. 6.9c), denoted as
“Multi-Boson” in the plots. Unfortunately the MC samples used to model these processes are not
perfectly disjoint. As stated in Sec. 6.2.8.1 and Sec. 6.2.8.7, the Drell-Yan process is simulated with
up to four jets on matrix element level, while the Wγ/Zγ simulation only includes one jet. Thus, in
the Drell-Yan sample, photons are simulated using (Pythia6) showering, while in the Wγ/Zγ sample
additional jets are simulated using (Pythia6) showering. Consequently, the usage of both samples
leads to an overlap in events (double-counting) of Drell-Yan- or W-like events with additional photons
in the final state, which might be an explanation for the discrepancies in the turn-on region in the
distributions shown in Fig. 8.25b and Fig. 8.25c. One solution might be to have a common Drell-Yan
sample with one or more photons and high jet-multiplicity simulated on matrix element level, with
a very large number of simulated events (and the same for W+ jets).
Another method to estimate if an interesting physical effect (that would magnify with more data
and higher centre of mass energy) underlies these discrepancies is to peek into the ongoing analysis
of 2012 data. Fig. 8.26 shows the
∑︀
𝑝T distributions for inclusive 2e+1γ+3jet and 2µ+1γ+3jet. The
selection used in the 2012 analysis is slightly different from that in the 2011 analysis: The single
electron trigger threshold is at 100 GeV, while the single muon trigger threshold could be lowered to
25 GeV. No double lepton data streams have been used at the time of writing. However, it is notable
that in spite of the almost five times higher integrated luminosity there are considerably fewer events
(two in the di-electron case and no events in the di-muon case). The differences in the selection3 are
not sufficient to explain a reduction of events in this kind of final state. Most probably changes in the
reconstruction are responsible for these differences. Since both photons and jets are highly affected
by pile-up and the pile-up conditions have changed in 2012 (i. e. more pile-up), the reconstruction
and corrections have been adapted.
From these results, it is difficult to judge what is responsible for the found discrepancies. Since the
deviations almost vanish in the 2012 analysis with larger centre of mass energy and higher luminosity
(i. e. with more data), it is unlikely that a new physics phenomenon is responsible for discrepancies
found in the 2011 distributions. Nevertheless, a re-evaluation of these event classes is needed, once
the 2012 has been performed with a similar selection, i. e. including double lepton data streams.
3The same photon and jet identification has been used in both analyses.
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𝑝T of inclusive 2e+1γ+3jet. Only two events are
found (in contrast to five in 2011). The RoI starts
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distribution. This distribution in not significant at
all.
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∑︀
𝑝T of inclusive 2µ+1γ+3jet. No events have been
found (in contrast to two in 2011). No 𝑝-value
has been computed since the MC prediction is
below one and no data events are present. This
distribution in not significant at all.
Figure 8.26: Preview of the
∑︀
𝑝T distributions of inclusive 2e+1γ+3jet and 2µ+1γ+3jet in the 2012
analysis ([177]). The total integrated luminosity is almost five times higher than in 2011. The
MC samples used here are similar to those in 2011, and show similar behaviour, but fewer data
events are found in the relevant distributions.
More likely imperfections in the provided MC modelling (as described above) and incapabilities of
the used algorithms (to cope with the pile-up conditions) are responsible.
8.1.5.2 Exclusive and Inclusive 1e+1µ+1γ+2jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t Event Classes
Another prominent type of event class in the group of the most deviating is that with one electron,
one muon, one photon, two or three jets and missing transverse energy. In total there are 12 different
distributions per event class (exclusive and inclusive, with and without charge consideration). To
discuss all resulting 24 distributions would go beyond the scope of this thesis, and is not necessary.
As has been shown in the previous section, many of the distributions are very similar (e. g. the
distributions for the same variable with and without charge consideration). Thus, only selected
distributions will be shown that demonstrate the properties of these event classes, while all 24
distributions can be found in App. D.1 and App. D.2.
First of all, the
∑︀
𝑝T of 1e+1µ+1γ+2jet+/𝐸t and 1e+1µ+1γ+2jet+/𝐸t+X[0Q] are shown in
Fig. 8.27. The RoIs contain two and three events, respectively, with a prediction of (9.0±77.5) ·10−4
and 0.08± 0.06 events, respectively. Two aspects of these event classes are visible in the given
distributions. First, there are three events in the exclusive and five events in the inclusive event
classes, while the prediction is in the order of one in all cases. The found events will be analysed in
detail below. Second, the MC prediction is dominated by tt and multi-boson (WZ) production.
Since the combined mass distributions are very similar to the
∑︀
𝑝T distributions shown above,
they are not shown. Instead, the focus is put on the /𝐸t distributions of 1e+1µ+1γ+2jet+/𝐸t+X and
1e+1µ+1γ+2jet+/𝐸t[0Q], which are shown in Fig. 8.28. The amount of missing transverse energy
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∑︀
𝑝T of exclusive 1e+1µ+1γ+2jet+/𝐸t. Two events
are selected in the RoI with an expectation of
0.10± 0.08. This distribution is not very significant,
but is shown to give insight into the event class.
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∑︀
𝑝T of inclusive 1e+1µ+1γ+2jet+/𝐸t[0Q]. Here
three of the five events are in the RoI with an
expectation of 0.08± 0.06. The inclusive event
classes of that type (and especially with charge
consideration) are more significant than the exclusive
ones.
Figure 8.27:
∑︀
𝑝T of 1e+1µ+1γ+2jet+/𝐸t and 1e+1µ+1γ+2jet+/𝐸t+X[0Q]. The MC prediction is
dominated by tt and multi-boson (WZ-production) in all event classes of this type.
is moderate (/𝐸t < 160 GeV) in all events. In both cases all events (five and three, respectively) are
inside the RoI.
For the related event classes 1e+1µ+1γ+3jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t+X[0Q] (three instead
of two jets) the combined mass distributions are shown in Fig. 8.29. Only two events are found in
these event classes, while the MC expectation is in the order of 0.1 in all cases. The distributions for
the respective event classes with/without charges, exclusive/inclusive and
∑︀
𝑝T look very similar.
Additionally, the /𝐸t distributions of 1e+1µ+1γ+3jet+/𝐸t+X and 1e+1µ+1γ+3jet+/𝐸t+X[0Q]
are shown in Fig. 8.30. Both events are in the RoI and have /𝐸t < 160 GeV.
The distributions shown above contain between two and five events in all cases. These events are
always the same five events. A summary is given in Tab. 8.3. In contrast to Tab. 8.2, no di-lepton
mass has been computed, as electron-muon pairs are not produced resonantly within the SM. All
events have oppositely charged leptons.
These five events have been examined more closely and no anomalies could be found. One of the
events is displayed in Fig. 8.31. In this event, also a second electron can be found that did not pass
the selection as it is very close to one of the reconstructed jets and has a poor isolation. Considering
the (invariant) mass of the two electrons (𝑀ee = 98.5 GeV) and the transverse mass of the muon and
/𝐸t system (𝑀T,e/𝐸t = 79.1 GeV) it can be concluded that this is most probably a WZ event with
additional jets and a photon (from ISR/FSR).
Similar arguments to those given in Sec. 8.1.5.1 also apply for the MC samples in this case. The
used di-boson samples are either LO (Pythia6, MadGraph) or NLO (Powheg), but in neither case
photons are simulated on matrix element level and only added via parton shower. Also the tt sample
was produced in LO (MadGraph) with several jets, but without photons in the matrix element. To
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(a) /𝐸t of inclusive 1e+1µ+1γ+2jet+/𝐸t. All five events
are selected in the RoI with an MC expectation of
0.5± 0.2. This is the most significant inclusive /𝐸t
distribution (without charge consideration).
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(b) /𝐸t of exclusive 1e+1µ+1γ+2jet+/𝐸t[0Q]. All three
events are in the RoI, while the MC expectation
is 0.3± 0.1. This distribution is among the most
significant ten distributions in the exclusive /𝐸t scan
with charge consideration.
Figure 8.28: /𝐸t of 1e+1µ+1γ+2jet+/𝐸t+X and 1e+1µ+1γ+2jet+/𝐸t[0Q].
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(a) Combined mass of exclusive 1e+1µ+1γ+3jet+/𝐸t.
Only two events are found in this event class,
but the MC expectation, especially in the region
where the data events are found, is very low
((9.0± 62.0) · 10−4). This is the third-most
significant distribution in the combined mass scan
without charge consideration.
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(b) Combined mass of inclusive
1e+1µ+1γ+3jet+/𝐸t[0Q]. The situation is almost
identical to that shown in (a).
Figure 8.29: Combined mass of 1e+1µ+1γ+3jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t+X[0Q].
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(a) /𝐸t of exclusive 1e+1µ+1γ+3jet+/𝐸t. The MC
prediction is larger in these distributions (0.03± 0.02
in the RoI), compared to the mass distributions, but
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(b) /𝐸t of inclusive 1e+1µ+1γ+3jet+/𝐸t[0Q]. The
situation is very similar to that shown in (a).
Figure 8.30: /𝐸t of 1e+1µ+1γ+3jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t+X[0Q].
Table 8.3: Summary of the five identified events in the most significant event classes of the type
1e+1µ+1γ+2jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t (cf. Tab. 8.1). 𝑀 denotes the combined mass
of all objects (after selection) in the given event. The given uncertainties have been calculated
with help of the resolutions presented in Sec. 4.6 and represent only estimates.
Run Number LS Event Number
∑︀
𝑝T/GeV 𝑀/GeV /𝐸t/GeV
1e+1µ+1γ+2jet+/𝐸t
172868 1405 1837734641 450± 16 451± 15 105± 12
178100 957 1166456768 711± 20 712± 20 90± 15
166864 319 330213762 405± 14 404± 14 82± 11
1e+1µ+1γ+3jet+/𝐸t
175921 130 148609804 642± 20 648± 20 154± 14
179452 633 930375621 700± 22 702± 20 108± 15
8.1 Electron and Muon Induced Event Classes 151
(a) 𝜂 − 𝜑-view of the event. The muon is marked by a large red cross, while the two
electrons (only one is considered in the analysis) are marked with cyan stars. The
photon is marked with a smaller green cross. The black circles mark the three jets
considered in this event. The missing transverse energy is marked by the solid yellow
line.
(b) 𝜌 − 𝜑-view of the event. The muon is marked as a red line going into the upper part
of the picture. The two electrons (only one is considered in the analysis) are located in
the lower part and are marked by cyan areas close to calorimeter entries (red towers).
The photon can be found in the upper part and is marked by a green area, close to a
calorimeter entry. The three jets are marked by black cones and bars and point to the
right side in the picture. Missing transverse energy is displayed as a large yellow arrow
to the left in this picture.
Figure 8.31: Run/LS/Event: 175921/130/148609804.
In this particular event, a second electron can be found. It did not pass the selection because
it is very close to one of the jets and has a poor isolation. However, the (invariant) mass of the
two electrons (𝑀ee = 98.5 GeV) is compatible with the Z-mass, while the transverse mass of
the muon and /𝐸t (𝑀T,e/𝐸t = 79.1 GeV) is compatible with the W-mass. Green lines represent
tracks reconstructed in the CMS Tracker (with 𝑝T > 1 GeV)
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demonstrate the behaviour of these samples, some neighbouring event classes are shown in Fig. 8.32.
The exclusive
∑︀
𝑝T distributions of 1e+1µ+3jet+/𝐸t and 1e+1µ+1γ+/𝐸t have been chosen. The
former shows that a similar final state without the photon is very well modelled by the tt sample.
About 30 events are expected and measured; the shape is described very well. The latter shows the
event class without jets. Since only three events are measured (with a total expectation of around
3.3) it is hard to judge the agreement. 1e+1µ+1γ+1jet+/𝐸t is not shown here but interestingly it
has no data entries.
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(a)
∑︀
𝑝T of exclusive 1e+1µ+3jet+/𝐸t. The distribution
in data is very well described by the used tt sample.
All other processes are negligible.
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∑︀
𝑝T of exclusive 1e+1µ+1γ+/𝐸t. Only three events
can be found in this event class. The distribution is
dominated by multi-boson production.
Figure 8.32:
∑︀
𝑝T of exclusive neighbouring event classes of 1e+1µ+1γ+2jet+/𝐸t and 1e+1µ+1γ+3jet+/𝐸t.
Again, it is possible to examine the corresponding distributions in the 2012 analysis, to see how
the distributions develop with more data (and larger centre of mass energy). The inclusive
∑︀
𝑝T
of 1e+1µ+1γ+2jet+/𝐸t and inclusive /𝐸t of 1e+1µ+1γ+3jet+/𝐸t are shown in Fig. 8.33. Only two
events and one event, respectively, are found in these event classes, although the total integrated
luminosity is five times higher compared to 2011. A similar situation can be found to that described
in Sec. 8.1.5.1. The number of data events has decreased although the total integrated luminosity is
considerably larger.
Most likely the used MC samples are not entirely suitable to described this kind of final state. It is
also possible that different aspects like pile-up modelling or photon identification4 need to be revised.
8.1.5.3 Exclusive and Inclusive 2e+1µ+1γ+1jet+/𝐸t and 2e+1µ+1γ+/𝐸t Event Classes
Another type of event classes that can be found among the most significant is that with two electrons,
one muon, one photon, missing transverse energy and one or no jet (cf. Tab. 8.1). Since these event
classes appear to be significant mainly in the /𝐸t scans, the focus is put on these distributions.
4The determination of MC-data scale factors in the photon misidentification probabilities is an active research field in
the 2012 CMS data analysis.
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𝑝T of inclusive 1e+1µ+1γ+2jet+/𝐸t. Only two
events are found in data in this event class, although
the integrated luminosity is five times higher than
in 2011. This distribution, and also all other
distributions in this event class, are not significant.
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(b) /𝐸t of inclusive 1e+1µ+1γ+3jet+/𝐸t. Only one event
is found in data in this event class, although the
integrated luminosity is five times higher than in 2011.
This distribution, and also all other distributions in
this event class, are not significant.
Figure 8.33: Preview of 1e+1µ+1γ+2jet+/𝐸t+X and 1e+1µ+1γ+3jet+/𝐸t+X in the 2012 analysis ([177]).
The used MC samples are similar to those in 2011.
At first, to gain an insight, the
∑︀
𝑝T of exclusive 2e+1µ+1γ+1jet+/𝐸t and the combined mass of
inclusive 2e+1µ+1γ+/𝐸t are shown in Fig. 8.34. Several aspects of these event classes become clear
from these distributions. The contributing MC processes are different multi-boson processes (first
of all WZ) and tt (with associated vector boson production, cf. Sec. 6.2.8.5). There is only a very
small number of expected events: 0.02± 0.01 in the exclusive 2e+1µ+1γ+1jet+/𝐸t event class and
0.08± 0.03 in the inclusive 2e+1µ+1γ+/𝐸t event class, while one (and the same) event is measured
in both cases. In both cases, the number of available MC events is very low, and only individual bins
are filled, so that in the case of the mass distribution of 2e+1µ+1γ+/𝐸t the bin containing the single
data event has no MC prediction at all and is dominated by fill-up uncertainty.
The /𝐸t distributions of the exclusive and inclusive 2e+1µ+1γ+1jet+/𝐸t event classes, with and
without charge consideration are shown in Fig. 8.35. The distributions are almost identical: The
single data event, has /𝐸t ≈ 225 GeV, and in all distributions the MC prediction is only based on
the fill-up. Thus, the calculated 𝑝-values are not very reliable and it is impossible to judge on these
distributions. Nevertheless, this one event will be examined in detail, below.
A detailed view of the event is given in Fig. 8.36. The (invariant) mass of the two electrons is
𝑀ee ≈ 330 GeV, while the transverse mass of the muon-/𝐸t system is 𝑀T,µ/𝐸t ≈ 85 GeV. The latter
would allow an interpretation as a W-decay, yet the former is far off from the Z-boson mass. The
two electrons have very different 𝑝T (332 GeV and 85 GeV). There is also a photon in close vicinity
to the electron, which might be a hint on an electron radiating a bremsstrahlung photon.
Two neighbouring event classes have been examined in order to validate the MC prediction.
Fig. 8.37 shows the /𝐸t distributions of the exclusive 2e+1µ+/𝐸t[1Q] and 2e+1µ+1jet+/𝐸t[1Q] event
classes, i. e. the corresponding event classes without photons. Both distributions are clearly multi-
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(a)
∑︀
𝑝T of exclusive 2e+1µ+1γ+1jet+/𝐸t. One event
is found in data, with an MC prediction of
(4± 27) · 10−4 in the RoI.
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(b) Combined mass of inclusive 2e+1µ+1γ+/𝐸t. The
same event as in (a) is selected in the RoI with an
MC prediction of 0±8·10−4, i. e. the MC prediction
consists of fill-up uncertainty only.
Figure 8.34:
∑︀
𝑝T of exclusive 2e+1µ+1γ+1jet+/𝐸t and combined mass of inclusive 2e+1µ+1γ+/𝐸t. Only
one event is causing the deviations.
boson (WZ) dominated and even though the number of data events is very small, the MC describes
the distributions very well.
In 2012 data, no data events in these particular event classes have been found.
Since these deviations are caused by only one event, it is almost impossible to determine the reason
for the resulting discrepancies.
8.1.5.4 Exclusive and Inclusive 1e+4jet Event Classes
One event class that is very significant, especially in the exclusive
∑︀
𝑝T scan, is that containing one
electron and four jets. This particular event class comprises final states from several quite different
SM processes, as will be discussed below. Fig. 8.38 shows the
∑︀
𝑝T and the combined mass of the
exclusive and inclusive event classes (event classes considering charges do not appear here because
there is only one lepton, so that the distributions are the same).
Basically four major SM processes can be identified that form the background for this event class:
• tt events can enter this event class if one of the top quarks decays hadronically (i. e. the resulting
W-boson decays into two quarks) and the other one decays leptonically into an electron and
neutrino, where the resulting missing transverse energy is below the selection threshold.
• W+jets events with four jets in the final state can enter if the missing transverse energy is
below the selection threshold.
• In Drell-Yan events with four jets, one of the electrons can be below the selection threshold or
it was not reconstructed well enough to pass the identification criteria.
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(a) Exclusive /𝐸t without charge consideration. The RoI
has an MC prediction of 0± 1.4 · 10−4.
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(b) Inclusive /𝐸t without charge consideration. The RoI
has an MC prediction of 0± 2 · 10−3.
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(c) Exclusive /𝐸t with charge consideration. The RoI has
an MC prediction of 0 ± 1.4 · 10−4. The RoI in this
distribution is identical to that found in (a).
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(d) Inclusive /𝐸t with charge consideration. The RoI has
an MC prediction of (7± 1600) · 10−6.
Figure 8.35: /𝐸t of exclusive and inclusive event classes of the type 2e+1µ+1γ+1jet+/𝐸t with and without
charge consideration. The two electrons found in the event have opposite-sign charge.
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Figure 8.36: Run/LS/Event: 165570/180/238719385.
𝜌−𝜑-view of the event. The two cyan lines (and areas) indicate the two electrons. The red line
marks the muon. The green area (not visible in this view) marks the photon. The black cone
and bar mark the jet. The yellow arrow marks the /𝐸t. The photon’s 𝜑 is very similar to that
of the highly energetic electron. An interpretation as a WZ event is not very plausible in this
particular event.
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(a) /𝐸t of exclusive 2e+1µ+/𝐸t[1Q], i. e. no photons and
no jets. A slight deficit in data is found (in total 11
events observed and 21± 5 expected).
0 50 100 150 200 250 300
Ev
en
ts
 / 
10
 G
eV
-210
-110
1
10
+1jet+MET [1Q] excl.µClass: 2e+1 =0.106
data
p =0.781p~
Data (8.0)
Multi-Boson (8.6)
 (1.7)tt
 (6.2e-4)t ttt
BG uncert
CMS private  = 7 TeVs
MET / GeV
0 50 100 150 200 250 300
D
at
a 
/ M
C
0
1
2
3
4
5
L dt = 5.0 / fb∫
(b) /𝐸t of exclusive 2e+1µ+1jet+/𝐸t[1Q], i. e. no photons.
The data-MC agreement is very good, although only
eight events have been measured in data.
Figure 8.37: /𝐸t distributions of neighbouring event classes considering lepton charges, without photons. In
both cases the MC describes the data very well. Both distributions are clearly dominated
by multi-boson production (WZ). The distributions of the event classes without charge
consideration look very similar.
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𝑝T of inclusive 1e+4jet.
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(c) Combined mass of exclusive 1e+4jet.
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(d) Combined mass of inclusive 1e+4jet.
Figure 8.38:
∑︀
𝑝T and combined mass of exclusive and inclusive 1e+4jet event class.
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• QCDmulti-jet events, enriched with electromagnetic particles in the final state (cf. Sec. 6.2.8.9),
where the electron is a misidentified jet are also a significant contribution in this event class.
Although the overall number of events in the exclusive event class shows no drastic discrepancy
((1.7± 0.4) · 103 expected vs. 2.3 · 103 measured events, cf. Tab. C.1), Fig. 8.38a shows that the
turn-on and bulk of the
∑︀
𝑝T distribution is not described well by the MC. The RoI is found in
the first five filled bins with 119.9± 24.3 expected vs. 265 measured events. A comparison with the
inclusive distribution shows that the agreement is better in the inclusive case. To understand this
difference, the event numbers from the individual processes can be examined. While the number
of data events is twice as large in the inclusive distribution, the dominating tt contribution as well
as Drell-Yan have tripled, the W+ jets contribution has basically doubled, and the QCD multi-jet
contribution has only gained 25 %. The inclusiveness can be seen as a “release” in the selection,
since now all tt-like events (i. e. with arbitrary amount of /𝐸t) are considered in the distribution.
Reversely concluded this means that the restriction of /𝐸t (in the exclusive class) suppresses the tt
contribution more, and the QCD multi-jet contribution less, than any other.
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𝑝T of exclusive 1e+2jet.
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Figure 8.39:
∑︀
𝑝T of exclusive neighbouring event classes 1e+2jet and 1e+3jet. Both distributions are
dominated by EM-enriched QCDmulti-jet and show very good agreement between data and MC.
From a physics point of view this is sensible, since all tt (and also W+ jets) events are expected
to have a non-negligible amount of /𝐸t, while additional QCD multi-jet events, where /𝐸t is only
expected to come from insufficiently reconstructed jets, will primarily enter the inclusive selection,
when containing additional objects (i. e. above all more jets). The increased amount of Drell-Yan can
also be understood, as the inclusive selection allows two electrons (and four jets), which is a common
Drell-Yan final state. In conclusion, if SM processes are suppressed by the selection (i. e. by the set
of particles in the event class), the agreement becomes worse.
In the mass distributions (Fig. 8.38c, Fig. 8.38d) the agreement is better in both cases. In the
SM there is no particular reason why the mass of one electron and four jets should show a special
structure, and it seems that the discrepancies visible in the exclusive
∑︀
𝑝T distribution wash out
when considering the mass.
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A first hint at understanding the discrepancies can be found by looking into the neighbouring event
classes 1e+2jet and 1e+3jet. The exclusive
∑︀
𝑝T distributions in these event classes are shown in
Fig. 8.39. In both cases, the distributions are dominated by (EM-enriched) QCDmulti-jet production,
basically over the whole distribution. Comparing with Fig. 8.38a, it becomes clear that especially
in the first (filled) bins (i. e. those deviating most), the contribution of QCD multi-jet is missing.
Although the overall contribution is expected to decrease with increasing number of jets in the final
state, there is no reason why it should drop that drastically in the low energy regime. Looking closer
into the EM-enriched QCD multi-jet samples, it becomes clear that the number of generated events
in these samples heavily decrease with increasing number of jets and already in Fig. 8.39b a spiking
structure is visible in the MC distribution. The number of events available in each MC sample are
also summarised in App. B.
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Figure 8.40: For comparison,
∑︀
𝑝T distribution of exclusive 1e+4jet with 2012 MC and data. The
significantly higher amount of available (EM-enriched) QCD multi-jet events allows a much
better description of the distribution.
Once more, the same distribution in the 2012 analysis has been examined. Fig. 8.40 shows the
exclusive
∑︀
𝑝T distribution in the 1e+4jet event class with 2012 data and MC. The MC describes
the distribution much better than for 2011 and it is obvious that the QCD multi-jet contribution is
significantly larger. A closer investigation shows that the available MC samples in 2012, especially
those in the relevant 𝑝T-regime (𝑝T(parton) > 50 GeV), contain between 4 to 11 times more generated
events. Even with the larger scaling factors, due to the five times higher integrated luminosity, more
available events allow for an evidently better description of the final state.
8.1.5.5 Exclusive and Inclusive 2e+6jet+/𝐸t Event Classes
A somewhat less prominent event class to be found in Tab. 8.1 contains two electrons, six jets and
missing transverse energy. Especially in the /𝐸t scans (with and without charge consideration) this
type of event class appears, so the focus is put on these distributions.
Fig. 8.41 shows the /𝐸t distributions of the exclusive and inclusive event classes of this type,
with and without charge consideration. Two and three events, respectively, are found in these
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distributions, the electrons have opposite charge in all cases. The distributions are clearly dominated
by tt production (decay of both top-quarks into electrons with four additional jets), although the
available number of MC events is not sufficient to give a reliable description of the distribution.
Especially in the region where the data events can be found, the MC prediction is very low. Judging
by eye, a more continuous distribution could be reached with more available events in the tt sample,
which would most probably lead to a considerably larger 𝑝-value. It is not surprising to find small
discrepancies in this kind of final state since “only” up to three additional jets are simulated on
matrix element level in the most dominant MC sample (tt).
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(a) /𝐸t of exclusive 2e+6jet+/𝐸t.
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(b) /𝐸t of inclusive 2e+6jet+/𝐸t.
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(c) /𝐸t of exclusive 2e+6jet+/𝐸t+X[0Q].
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(d) /𝐸t of inclusive 2e+6jet+/𝐸t+X[0Q].
Figure 8.41: /𝐸t distributions of exclusive and inclusive 2e+6jet+/𝐸t with and without charge consideration.
The differences between these distributions (with/without charge) are minimal.
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Table 8.4: Summary of the three identified events in the most significant event classes of the type 2e+6jet+ /𝐸t
and 2e+7jet+/𝐸t. The given uncertainties have been calculated with help of the resolutions
presented in Sec. 4.6 and represent only estimates.
Run Number LS Event Number
∑︀
𝑝T/GeV 𝑀/GeV /𝐸t/GeV 𝑀ee/GeV
2e+6jet+/𝐸t
172868 1284 1695924590 623± 20 624± 20 178± 14 67± 1
171446 88 77193215 858± 24 850± 24 188± 18 122± 1
2e+7jet+/𝐸t
177718 292 450607697 894± 26 897± 25 71± 17 97± 1
A list with details of these three events is given in Tab. 8.4. The additional event found in the
inclusive event class contains seven reconstructed jets (above 50 GeV).
The events have been examined and no problems have been found. An event display of one of the
events with six reconstructed jets is given in Fig. 8.42. In this particular event, all seven jets have
transverse momenta between 50 GeV and 70 GeV.
Figure 8.42: Run/LS/Event: 172868/1284/1695924590.
𝜌− 𝜑-view of the event. The two cyan lines (and areas) indicate the electrons. The black cones
and bars mark the jets. The yellow arrow marks the /𝐸t. The transverse momenta of the jets
range from 50 GeV to 70 GeV. The di-electron mass is 𝑀ee = 66.8 GeV.
Also for these distributions, a glimpse has been taken into the 2012 analysis. Fig. 8.43 shows the
/𝐸t distributions of exclusive and inclusive 2e+6jet+/𝐸t. The plots clearly show that with increasing
integrated luminosity, the trend is continued and more events are found. The distributions from
the 2011 and 2012 data cannot be compared directly, as the 2012 analysis did not incorporate the
DoubleElectron data streams at time of writing, which especially means that the momentum of the
leading electron must be considerably higher (100 GeV) compared to the present analysis (25 GeV).
One should also bear in mind that a few deviations of this magnitude are expected and that a
result like this might be simply caused by a statical fluctuation.
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(a) /𝐸t of exclusive 2e+6jet+/𝐸t.
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(b) /𝐸t of inclusive 2e+6jet+/𝐸t.
Figure 8.43: Preview of 2e+6jet+/𝐸t in the 2012 analysis ([177]). The two distributions are very similar.
There is a small excess in data (compared to the MC prediction), but the agreement is reasonable
and the deviations are not significant.
Table 8.5: Summary of the four identified events in inclusive and exclusive 2e+1µ+3jet. For the sake of
completeness, the missing transverse energy is given in each event. The given uncertainties have
been calculated with help of the resolutions presented in Sec. 4.6 and represent only estimates.
Run Number LS Event Number
∑︀
𝑝T/GeV 𝑀/GeV /𝐸t/GeV
2e+1µ+3jet
166841 41 42157067 649± 16 996± 18 42± 14
178098 687 1118151118 707± 17 923± 17 19± 15
178479 67 52217115 546± 14 917± 17 29± 13
2e+1µ+3jet+/𝐸t
176304 92 63627883 867± 13 1209± 21 353± 17
8.1.5.6 Exclusive and Inclusive 2e+1µ+3jet Event Classes
One less prominent event class, especially found to be significant in the combined mass scans
is 2e+1µ+3jet. Since all events in this event class have the same charge configuration the focus
is put on the combined mass distributions without charge consideration. The exclusive and inclusive
combined mass distributions for 2e+1µ+3jet are given in Fig. 8.44. This event class is dominated
by multi-boson production (WZ, ZZ) with associated jets, and tt with associated vector-boson
production. Since /𝐸t is not present in the exclusive case, the contributions are heavily suppressed,
and so the deviation is considerably weaker in the inclusive case.
The deviations found in these distributions, especially in the exclusive one, are caused by three
events with combined mass in the range 900 GeV to 1000 GeV. A fourth event, additionally
containing /𝐸t above the selection threshold, can be found in the inclusive distribution and does
not affect the RoI. A list of all these events is given in Tab. 8.5.
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(a) Combined mass of exclusive 2e+1µ+3jet. Three
events are found in the RoI with an expectation of
0.02± 0.01.
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Figure 8.44: Combined mass of exclusive and inclusive 2e+1µ+3jet.
The events have been investigated and no anomalies have been found. Three of the four events
are compatible with a WZ-hypothesis (judging from di-electron and muon-/𝐸t mass). One example
is given in Fig. 8.45, with 𝑀ee ≈ 92 GeV and 𝑀T,µ/𝐸t ≈ 74 GeV.
A glimpse into the same event classes in the 2012 analysis shows that only one event is found in
the corresponding distributions (not shown here) and that none of them is significant.
8.1.5.7 Exclusive and Inclusive 2µ[2Q] Event Classes
The last to be discussed at this point are the most significant distributions (in terms of 𝑝):
∑︀
𝑝T and
the combined mass of the same sign di-muon event classes (i. e. 2µ[2Q]), which are shown in Fig. 8.46.
The event classes are clearly dominated by multi-boson (predominantly WZ-production, which has
a significantly larger cross section than ZZ-production), with small contributions of tt. In all cases a
clear excess in data can be found, which is most striking in the exclusive mass distribution.
Attempting to understand the deviations the related distributions for 2e[2Q] are investigated.
Fig. 8.47 shows the exclusive and inclusive combined mass of two electrons with same sign charge.
The agreement between data and MC is good, but the uncertainties (resulting from the automatic fill-
up) are large in many bins. However, it is clear that the distributions are dominated by Drell-Yan.
Even a Z-peak is visible at 𝑀ee ≈ 90 GeV. Although the comparison is not entirely valid as the
electron charge is more likely to be misassigned (the track is only reconstructed in the tracker) one
would expect a larger contribution from Drell-Yan in a distribution as shown in Fig. 8.46c, which
might be a hint that the charge misassignment is not well modelled in the simulation. Another
point is the second most dominant contribution in Fig. 8.47, i. e. the QCD multi-jet production.
Although electrons are more likely than muons to be misidentified jets, a non-negligible contribution
is expected in the muon case, but no QCD multi-jet background is found in either of the distributions.
A review of the 2010 analysis also suggests that a significant contribution from QCD multi-jet events
164 Chapter 8 Analysis of 2011 CMS Data
Figure 8.45: Run/LS/Event: 178479/67/52217115.
𝜌 − 𝜑-view of the event. The two electrons are marked by cyan lines and areas pointing into
the upper part in this view. The muon is marked by a red line. It points into the forward
direction of the detector. The hit CSCs are indicated by small red rectangles superimposed on
the muon track. The jets are marked by black cones and bars. The /𝐸t is given for the sake of
completeness and is marked by a yellow arrow. The event is compatible with a WZ-hypothesis
with: 𝑀ee ≈ 92 GeV and 𝑀T,µ/𝐸t ≈ 74 GeV.
is expected in this kind of distributions (cf. [77]). These are hints that the number of event in the
available QCD multi-jet samples is insufficient.
Although the number of available events is larger in the available QCD multi-jet samples in the 2012
analysis, no multi-jet events can be found in the corresponding event classes and similar discrepancies
are found. It would be desirable to perform a dedicated study of this kind of deviations including the
production of QCD multi-jet samples with a large number of events, which are preferably “double
muon-enriched”, similar to those already used.
8.1.6 Conclusion
The results presented above show a good overall agreement between the SM prediction obtained
from a large set of MC samples and data extracted from single and double electron and muon data
streams. In about half of the 400 exclusive and in slightly more inclusive event classes, distributions
of the three variables of interest have been analysed. It could be shown that in most cases the data
is described remarkably well by the MC prediction, regarding the total number of expected events
as well as the actual shapes of the distributions. However, some discrepancies have been spotted in
a few event classes. As could be shown, most of them are caused by individual events with complex
topologies in rather extreme regions of phase space, where the MC prediction is not entirely reliable.
In one case (Sec. 8.1.5.4) an overall discrepancy between data and MC has been found that shows
the number of available QCD multi-jet events to be clearly insufficient. The list of most deviating
event classes given in Tab. 8.1 also indicates that event classes with one or more photons dominate
among the significant classes. Most of these effects vanish in the 2012 analysis, so it can be assumed
that no physics effect is the underlying reason.
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(a)
∑︀
𝑝T of exclusive 2µ[2Q] (same-sign muons).
A discrepancy in the first bins is clearly visible.
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𝑝T of inclusive 2µ[2Q] (same-sign muons). The
discrepancy is less severe compared to (a) but still
distinct.
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(c) Mass of exclusive 2µ[2Q] (same-sign muons). This
is the most significant distribution in the whole 2011
analysis. The RoI comprises the two bins 60 GeV
to 80 GeV and contains 34 data events, with an MC
expectation of 6.2± 1.7. A 𝑝-value could not be
computed and only an “upper limit” of 𝑝 < 2 · 10−6
can be given. To compute a 𝑝-value, significantly
more pseudo-experiments would be needed, which in
turn would need more CPU-time, which is infeasible
in the present technical constellation.
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(d) Mass of inclusive 2µ[2Q] (same-sign muons). Again
this distribution is less significant than the exclusive
one. The RoI comprises one bin (60 GeV
to 70 GeV) with 30 data events and an MC
expectation of 9.1± 2.3.
Figure 8.46:
∑︀
𝑝T and mass of exclusive and inclusive 2µ[2Q]. Linear ordinates have been chosen to stress
the found discrepancies. The distributions are dominated by multi-boson production, while no
QCD multi-jet can be found.
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(a) Combined mass of exclusive 2e[2Q]. No significant
deviations have been found.
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(b) Combined mass of inclusive 2e[2Q]. No significant
deviations have been found.
Figure 8.47: For comparison, mass of the exclusive and inclusive 2e[2Q]. Although the (relative) uncertainties
become very large in the tails, the overall agreement is very good and a peak around 90 GeV is
clearly visible.
When taking the charge of electrons and muons into account the number of event classes
increases considerably but similarly good results can be obtained. The most striking deviation
when considering lepton charges is in the same-sign two muon class, presented in Sec. 8.1.5.7. The
results hint on an insufficient modelling of the charge misassignment for muons and insufficient QCD
multi-jet samples.
8.2 Event Classes with Tauons
As a logical extension of this analysis it is obvious to consider additional objects reconstructed in
CMS. As high-energy leptons are objects of interest in many new theories, τ-leptons are a natural
choice. On one hand, it is possible to simply include τ-leptons into the selection, and rerun the
analysis with the additionally arising event classes. On the other hand, it is also interesting to
consider event classes induced by events that have been initially triggered by τ-leptons. However, as
has already been discussed in Sec. 7.2.1, in 2011 only triggers that consider τ-leptons in conjunction
with other particles, in particular with /𝐸t, have been used. For this analysis, both steps have been
performed simultaneously and the results will be presented below.
When considering additional objects like τ-leptons in the events a full classification has to be
redone. It is not possible to simply add the event classes containing τ-leptons, since especially the
event cleaning described in Sec. 7.4 potentially leads to a different treatment of events (if additional
objects are involved). Objects reconstructed as τ-leptons are only cleaned if τ-leptons are considered
in the analysis, and might be treated as jets in the other case, although the effect is considered to be
small.
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With the τ-lepton consideration and with the additional events from the Tau data stream, the
selection described in Sec. 7.2.1 and Sec. 7.3 gives 684 exclusive and 787 inclusive event classes5.
This part of the analysis can be seen as a succession of that shown in [178], with an updated
selection.
As there is a large overlap with the full scan without τ-leptons, presented in Sec. 8.1, the integral
scan (Mode 1) is omitted, and only the results of the detailed scans of the kinematic distributions will
be shown. In the discussion of the results below, the focus is put on the event classes with τ-leptons,
without recapitulating results of the previous section. Since only hadronically decaying τ-leptons are
reconstructed and procedures similar to jet reconstruction are used, it is not very meaningful and
reliable to consider τ-lepton charges, so that no corresponding event classes are analysed.
8.2.1 Scan of Kinematic Distributions (Mode 2)
8.2.1.1 Initial Validation
Again, as a first step, some meaningful distributions with special focus on τ-leptons have been chosen,
to validate the selection and classification procedure at an early stage, before starting a whole scan.
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Figure 8.48:
∑︀
𝑝T of exclusive 1µ+1τ. This distribution is dominated by W+ jets and Drell-Yan events.
In either case, one jet has been misidentified as a muon or as a tauon. The /𝐸t selection
threshold suppresses the W+ jets process, strongly reducing the number of available events
from this process in this particular event class. Still, the MC description is very good. In this
distribution, the RoI begins at
∑︀
𝑝T = 330 GeV and reaches up to the last filled bin.
Fig. 8.48 shows the
∑︀
𝑝T of the exclusive 1µ+1τ event class, which is not a τ-trigger induced event
class since there is not a sufficient amount of /𝐸t in the events (cf. Sec. 7.2.1). In this distribution,
in the SM prediction, either the tauon or the muon is a misidentified jet, coming from the W+ jets
process. A final state like this might contain hints for lepton-flavour violating physics beyond the
SM, where e. g. a new particle decays into a muon and a tauon. Although the number of available
5As a rule of thumb, adding a new object, will approximately double the number of event classes, as every event class
already existing will potentially have a “duplicate” with the new object in addition.
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events in the W+ jets sample seems too small in the high-energy tails, the distribution is very well
described by the MC simulation.
The transverse mass distribution of inclusive 1τ+/𝐸t is shown in Fig. 8.49. This distribution is
clearly dominated by W+ jets. Since only the hadronic part of the τ-decay can be reconstructed,
the energy of the τ-object is always below the true value. When calculating the transverse mass
of τ and /𝐸t, the Jacobian-peak, resulting from the W-decay, is shifted towards lower masses
of 𝑀T ≈ 70 GeV. Still, the agreement between MC and data is very good.
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Figure 8.49: Transverse mass of inclusive 1τ+/𝐸t. The distribution is clearly dominated by W+ jets
production. The edge of the Jacobian-peak, resulting from the W-decay, is shifted to
𝑀T ≈ 70 GeV. This event class is induced by τ+ /𝐸t-triggered events.
A third distribution considered at this stage is the /𝐸t of inclusive 1τ+3jet+/𝐸t, shown in Fig. 8.50.
In this case, the overall numbers of events are quite low (only about 100 events) but the agreement
is still reasonable. The distribution is dominated by tt production and once more shows the “double
turn-on” feature caused by the triggers and event selection used in this analysis. In this particular
case, the first turn-on is caused by events coming from data streams other than the Tau data stream,
i. e. single or double muon or electron stream, where additionally a tauon has been reconstructed
in the events (e. g. tt, where both top quarks decay leptonically, one into a muon or electron and
the other into a tauon). The second turn-on sets in at the /𝐸t selection threshold (140 GeV) for
the τ+ /𝐸t-triggered events (where always missing transverse energy is demanded). The agreement
between data and MC is excellent.
8.2.1.2 Sum of Transverse Momenta
A full scan has been performed including event classes arising from τ-lepton consideration and from
the Tau data stream. A total of 246 (out of 684) exclusive and 295 (out of 787) inclusive event classes
has been analysed. The distributions of the found 𝑝-values are shown in Fig. 8.51. A good overall
agreement is found between the expected and the data 𝑝-values in the scan of
∑︀
𝑝T distributions.
In case of the exclusive event classes, only one event class is found that deviates slightly more than
expected.
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Figure 8.50: /𝐸t of inclusive 1τ+3jet+/𝐸t. The distribution is dominated by tt production and W+ jets
in the high-energy tail. A linear ordinate has been chosen, since the number of total events
is comparably small. The “double turn-on” is clearly visible and well described by the MC
simulation.
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(a) 𝑝 distribution of the exclusive
∑︀
𝑝T scan, considering
τ-leptons. The first bin contains 133 expected and
180 data event classes. In total, 9.3 · 106 pseudo-
experiments have been produced to obtain the blue
histogram.
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(b) 𝑝 distribution of the inclusive
∑︀
𝑝T scan, considering
τ-leptons. The first bin contains 189 expected and
220 data event classes. In total, 6.2 · 106 pseudo-
experiments have been produced to obtain the blue
histogram.
Figure 8.51: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction for the
∑︀
𝑝T variable in exclusive and inclusive event classes, considering τ-leptons.
The area of the blue histogram is normalised to the total number of analysed event classes.
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In the case of inclusive event classes, the agreement is even better. Overall, the situation is very
similar to that described in Sec. 8.1.2.2.
In both cases, the first bin contains more event classes in data than expected, i. e. more insignificant
event classes than expected. This has been already discussed in Sec. 8.1.4.
The full list of event classes in this configuration can be found in Tab. C.15 and Tab. C.16. The
majority of the most significant event classes is the same that has been found in the scans not
considering τ-leptons. In the exclusive case, the most significant event class containing τ-leptons, is
the fourth most significant class in that scan, while in the inclusive case it is the tenth most significant
class. These results will be discussed in Sec. 8.2.2.
8.2.1.3 Combined Mass
The full scan of the combined mass distributions again is only performed for event classes containing at
least two objects. Since there is no exclusive 1τ class (only events triggered by a tauon in conjunction a
with significant amount of /𝐸t are considered), there have been 249 (out of 682) exclusive and 295 (out
of 784) inclusive event classes considered in this scan. The results are shown in Fig. 8.52.
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(a) 𝑝 distribution of the exclusive combined mass scan,
considering τ-leptons. The first bin contains 168
expected and 178 data event classes. In total, 20 · 106
pseudo-experiments have been produced to obtain the
blue histogram.
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(b) 𝑝 distribution of the inclusive combined mass scan,
considering τ-leptons. The first bin contains 204
expected and 214 data event classes. In total, 12 · 106
pseudo-experiments have been produced to obtain the
blue histogram.
Figure 8.52: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the combined mass variable in exclusive and inclusive event classes, considering
τ-leptons. The area of the blue histogram is normalised to the total number of analysed event
classes.
A similar situation to that without τ-leptons is found, an overall good agreement with a few
exclusive event classes that are more significant than expected. The agreement in the inclusive case
is excellent.
In case of exclusive event classes, the fourth and fifth most significant event classes are the first to
contain τ-leptons.
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In case of inclusive event classes, the fifth most significant event class is the first to contain τ-leptons.
Since the 𝑝 distribution shows a very good agreement between data and MC expectation, these class
will not be discussed. The other significant event classes are the same as those in the scan without
τ-leptons.
The full list of event classes in this scan can be found in Tab. C.17 and Tab. C.18.
The most deviating event classes will be discussed shortly in Sec. 8.2.2.
8.2.1.4 Missing Transverse Energy
Again, only event classes containing /𝐸t have been considered in this case, giving 122 (out of 344)
exclusive and 126 (out of 356) inclusive event classes. The resulting 𝑝 distributions can be found in
Fig. 8.53.
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(a) 𝑝 distribution of the exclusive /𝐸t scan, considering
τ-leptons. The first bin contains 80 expected and
87 data event classes. In total, 4.6 · 106 pseudo-
experiments have been produced to obtain the blue
histogram.
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(b) 𝑝 distribution of the inclusive /𝐸t scan, considering
τ-leptons. The first bin contains 77 expected and
88 data event classes. In total, 4.8 · 106 pseudo-
experiments have been produced to obtain the blue
histogram.
Figure 8.53: 𝑝 distributions for data-vs-SM (black and red markers), compared to SM-vs-SM (blue histogram)
prediction, for the /𝐸t variable in exclusive and inclusive event classes, considering τ-leptons.
The area of the blue histogram is normalised to the total number of analysed event classes. Red
markers show distributions where no 𝑝-value could be computed.
The full list of event classes in this scan can be found in Tab. C.19 and Tab. C.20.
The situation is similar to the other variables above. The overall agreement is very good, and only
a few event classes are more significant than expected. These event classes are the same as already
discussed in the scans without τ-lepton consideration with one exception: In the exclusive case, there
is one event class (2τ+4jet+/𝐸t), where no 𝑝-value could be calculated (red marker in Fig. 8.53a). In
this distribution it was impossible to calculate a 𝑝-value because a region has been found with data
but no MC prediction at all. This event class will be discussed in Sec. 8.2.2.
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8.2.2 Discussion of the Most Significant Event Classes
As indicated in the previous sections, only a few of the “most significant” event classes contain
τ-leptons. Especially when analysing the combined mass and missing transverse energy some τ-classes
appeared under the most significant that shall be discussed shortly.
The following significant distributions will be discussed: Combined mass of exclusive and inclusive
2µ+1τ and 1µ+2τ, /𝐸t of exclusive and inclusive 2τ+4jet+/𝐸t.
8.2.2.1 Exclusive and Inclusive 2µ+1τ Event Classes
The most significant event class (in terms of 𝑝) containing tauons in the combined mass scan is that
with two muons and one tauon (i. e. muon triggered). The exclusive and inclusive mass distributions
can be found in Fig. 8.54. The SM prediction is dominated by Drell-Yan events, which can enter this
event class when a jet that is produced in association with the two muons has been misidentified as a
tauon. Contributions from all other processes are at least two orders of magnitude smaller. Overall,
there is a deficit in data, as 1.5 · 103 (1.7 · 103 incl.) events are expected, but only 1.3 · 103 (1.5 · 103
incl.) are observed. However, especially in the exclusive distribution (Fig. 8.54a), a structure (excess)
is visible in the data in the range 300 GeV < 𝑀 < 400 GeV. In the inclusive distribution, an excess
is also visible but it is considerably less significant.
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(a) Combined mass of exclusive 2µ+1τ. Although the
overall number of data events is about 13 % smaller
than expected from MC, a clear excess is visible in
the range of 300 GeV to 400 GeV.
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(b) Combined mass of inclusive 2µ+1τ. Again, the
number of measured data events is 12 % smaller than
expected from MC. The deviation is considerably
smaller, compared to that shown in (a).
Figure 8.54: Combined mass of exclusive and inclusive 2µ+1τ. The distributions are clearly dominated by
Drell-Yan events.
At the time of writing, the 2012 analysis including tauons was not completed, so that it was not
possible to cross-check the corresponding distributions with 2012 data. However, to provide some
validation, the mass distributions of a related event class, 2e+1τ have been examined. There is no
reason (from SM physics point of view) why the tauons should behave differently in association with
electrons instead of muons in an event. Fig. 8.55 shows the exclusive and inclusive mass distributions
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of two electrons and one tauon. Again, the distributions are dominated by Drell-Yan events, and there
is an overall deficit in data of about 10 %, while the shape is described well. No excess, comparable
to that shown in Fig. 8.54a, can be found.
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(a) Combined mass of exclusive 2e+1τ. The overall
data defict is smaller compared to that shown in
Fig. 8.54a. No significant deviations have been
found in this distribution.
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(b) Combined mass of inclusive 2e+1τ. The overall
data defict is smaller compared to that shown in
Fig. 8.54b. No significant deviations have been
found in this distribution.
Figure 8.55: For comparison, combined mass of exclusive and inclusive 2e+1τ.
It is important to mention that there have been reconstruction issues with tauons, especially in
the data taking period of 2011, resulting in wrong energy scale and bad reconstruction/identification
efficiency (some problems have been documented in [179]). Once a full 2012 MUSiC analysis
considering tauons has been performed, it will be possible to judge this discrepancy better. In
any case, a more detailed analysis of this final state should be performed in the future.
8.2.2.2 Exclusive and Inclusive 1µ+2τ Event Classes
The other significant exclusive mass distribution is that of one muon and two tauons. The exclusive
and inclusive distributions are shown in Fig. 8.56. The exclusive distribution is dominated by
Drell-Yan events, which can enter the event class when a jet has been misidentified as a muon,
or when two additional jets have both been misidentified as tauons and one of the muons does not
pass the selection. The fact that the number of events in this event class are very low in data (23
events) as well as in MC (only individual bins filled, large gaps between filled bins) suggests that it
is very rare and potentially not very well modelled in the simulation. In the inclusive case, where
other processes (tt, multi-boson) have a non-negligible contribution, the discrepancy is considerably
smaller, but still it is clear that especially Drell-Yan suffers from an insufficient number of generated
events. From this point of view, this deviation might vanish with sufficient number of generated MC
events and better misidentification modelling.
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(a) Combined mass of exclusive 1µ+2τ. The number of
available events from the used Drell-Yan sample is
apparently insufficient to describe this distribution
well.
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Figure 8.56: Combined mass of exclusive and inclusive 1µ+2τ.
8.2.2.3 Exclusive and Inclusive 2τ+4jet+/𝐸t Event Classes
The last event class to be discussed at this point is that with two tauons, four jets and missing
transverse energy (τ + /𝐸t-triggered). As described before, no 𝑝-value could be calculated for the
/𝐸t distribution in the exclusive event class. The reason becomes clear when looking into this
distribution. Fig. 8.57 shows the /𝐸t distributions in the exclusive and inclusive event class. These
figures show that one event (with /𝐸t ≈ 470 GeV) is responsible for this deviation and that there
is no MC prediction in the particular region of the /𝐸t distribution, where the data event can be
found. Since there is no MC prediction and also no uncertainty (the used fill-up only contributes
to /𝐸t ≈ 360 GeV in this distribution), no 𝑝-value, and consequently no 𝑝-value, can be computed
for this region/distribution. Although in the inclusive distribution there is a very small contribution
from the fill-up, this distribution is still the most significant in the inclusive /𝐸t scan, but the 𝑝-value
and 𝑝-value can only be seen as rough estimates.
This individual event has been examined in more detail. The event view in Fig. 8.58 shows the two
tauons both pointing downwards, while two of the four jets with moderate energies (𝑝jetT ≈ 70 GeV)
both point up and down, respectively. The other two jets have a considerably larger 𝑝T of about
430 GeV and 550 GeV. For completeness, tracker tracks (with 𝑝T > 2 GeV) are displayed in green.
Although the event shows no particular problems at first sight a closer examination reveals that the
most energetic jet has a rather uncommon energy distribution in terms of cluster energy. More than
350 GeV of transverse energy (more than 50 %) is located in one ECAL cluster, that is part of the
jet, while all other (ECAL and HCAL) contributions are rather small (𝒪 (10 GeV) to 𝒪 (100 GeV)).
It might be a hint that the jet was not reconstructed properly, due to some instrumental problem
(e. g. an ECAL spike or similar). This leads to the assumption that a large part of the jet’s energy is
in some way misreconstructed, which also means that a large part of the missing transverse energy
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Figure 8.57: Combined mass of exclusive and inclusive 2τ+4jet+/𝐸t.
is. The real /𝐸t would then be smaller than 460 GeV, effectively moving the event to a lower value in
the /𝐸t distribution, making it much less significant, or even remove it entirely from this event class.
8.2.3 Conclusion
The incorporation of τ-leptons on one hand and the usage of the Tau data stream in addition to
the baseline selection on the other hand, show remarkably good results. Although the number of
considered event classes has increased by about 20 %, the overall agreement is comparable to that
in the baseline selection presented in Sec. 8.1.
Most of the τ-induced event classes show a very good agreement between data and MC and only
a few distributions show discrepancies. The most striking discrepancies have been discussed in
Sec. 8.2.2.1 and Sec. 8.2.2.3. While the former shows a structure in the mass distribution that might
be explained with τ-reconstruction issues, the latter is one individual event in an extreme region of
phase space (many jets, large missing transverse energy). Once a better τ-reconstruction is available
and these events have been reprocessed, a re-analysis of these event classes should help to clarify the
discrepancies’ origins.
8.3 Photon Induced Event Classes
As shown above, photons are a regular part of the baseline selection in this analysis, though only
as objects in lepton triggered events and resulting event classes. Another natural extension of the
baseline selection is to analyse events where a single or double photon trigger has fired, i. e. events
from the Photon data stream (cf. Tab. 6.2). Final states containing photons (but no leptons) are
interesting in the search for new physics, as different models (e. g. models of extra dimensions or
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(a) 𝜌 − 𝜑-view of the event. The two tauons point downwards in this view and are marked by pale blue
bars. The four jets are marked by black cones and bars. The missing transverse energy is marked by a
yellow arrow.
(b) 𝜌 − 𝑧-view of the event. The two tauons point downwards in this view and are marked by pale blue
bars. The four jets are marked by black cones and bars. The missing transverse energy is marked by a
yellow arrow.
Figure 8.58: Run/LS/Event: 178151/81/72165290.
This is the single event found in event classes of type 2τ+4jet+/𝐸t.
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the Higgs decay to two photons) predict signatures with highly energetic photons. However, it is
a difficult signature to model, as in the SM events with one or two photons and no leptons are
predominantly produced via strong interactions as has been shown in Sec. 6.2.8.3 and Sec. 6.2.8.7.
When considering photon triggered events, the full dataset and all MC samples have to be re-
classified because every event class containing photons may receive a contribution from those events.
For example, in the baseline selection an event that is sorted into the exclusive 1e+1γ event class
must contain an electron with 𝑝eT > 90 GeV (trigger threshold) and a photon with 𝑝γT > 25 GeV
(object threshold). Events from the Photon data stream have a higher single photon trigger threshold
(𝑝γT > 150 GeV, cf. Sec. 7.2.2), but a lower object selection threshold for electrons (𝑝eT > 25 GeV).
Thus, when considering events from the Photon data stream, events containing one highly energetic
photon and a potentially lower energetic electron will additionally enter the 1e+1γ event class.
In contrast to adding an entirely new object to the analysis (like the tauon) when additionally
considering photon triggered events the number of resulting event classes does not increase drastically.
Many combinations of event classes containing photons and other particles are implicitly included
in the baseline electron and muon triggered events. Thus, only combinations with photons and
other objects but without leptons are additionally created, especially event classes with one ore more
photons and with jets and/or missing transverse energy. However, already existing event classes will
receive more events from the Photon data stream (as described above), so that potentially more bins
will be filled in the distributions.
In the selection used in this analysis, events fulfilling single as well as double photon trigger
requirements are included. Similarly to the single and double lepton triggers, this allows to
significantly reduce the per-photon-𝑝T-threshold, as the single photon trigger thresholds increased
drastically with increasing instantaneous luminosity during the data taking period in the year 2011.
In contrast to the single and double lepton streams, all photon-triggered events are saved in one data
stream. This is a technical difference that does not affect the analysis. With the additional Photon
streams there are 449 exclusive and 478 inclusive event classes in total.
This part of the analysis can be seen as a succession of [180] with two significant differences: Firstly,
in addition to the single photon triggered events used in [180] this analysis also uses double photon
triggered events, as described in Sec. 7.2.2. Secondly, the photon selection has been updated to cope
with the increasing pile-up, especially at the end of the data taking period in 2011.
Again, the integral scans (Mode 1) are skipped and the focus is put on the detailed scans of the
kinematic distributions.
8.3.1 Scan of Kinematic Distributions (Mode 2)
8.3.1.1 Initial Validation
As a first validation step, some meaningful photon induced event classes have been examined before
starting a whole scan.
One of the most natural distributions to consider at this point is the
∑︀
𝑝T of the inclusive 1γ
event class, which is shown in Fig. 8.59. This distribution is equivalent to the 𝑝T distribution of the
leading photon in all analysed events containing at least one photon. Several features can be seen
in this distribution: As already pointed out in several distributions above, this inclusive distribution
clearly shows the double turn-on, which is a natural result of the selection used in this analysis. Both
turn-ons are described well by the used MC samples. In the first part (25 GeV <
∑︀
𝑝T < 150 GeV)
events from various processes (Drell-Yan, Zγ, Wγ, single photon) dominate the distribution, while
the second part (
∑︀
𝑝T > 150 GeV) is clearly dominated by single photon production with small
contributions from QCD multi-jet (all other processes are negligible). The small contribution from
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Figure 8.59:
∑︀
𝑝T of the inclusive 1γ event class. Clearly visible: The “double turn-on” caused by the
selection used in this analysis. The ratio-plot has been adjusted to stress the systematically
higher data contribution in the second part of the distribution (
∑︀
𝑝T > 150 GeV). This
distribution is equivalent to the leading photon 𝑝T distribution in all events passing the selection
criteria, containing at least one photon. The largest transverse momentum found in a photon
is about 1010 GeV.
QCD multi-jets in the first part, where only individual entries with large scale factors are filled (spikes
in the distribution) is again an indication of insufficient numbers of generated events in the available
samples. From the ratio in the lower part it becomes clear that in the second part of the distribution,
the MC consequently underestimates the data by about 20 %. This is not particularly surprising, as
the used single photon MC samples, as well as the corresponding cross sections are simulated and
computed on LO diagrams (cf. Sec. 6.3.1), with large (cross section) uncertainties. However, the
shape is described reasonably.
Another interesting distribution in the combined mass of two photons, i. e. in 2γ. The
exclusive distribution is shown in Fig. 8.60. This distribution is clearly dominated by γ+ jets and
multi-boson (γγ) production. It also becomes clear, that although the turn-on at 𝑀 ≈ 100 GeV is
described well by the MC, the overall prediction is about 20 % higher than what is found in data.
Single photon events can enter this event class, when one of the associated jets has been misidentified
as a photon. Both dominant samples have been generated at LO and the used cross sections have
been calculate at LO. This might explain the found differences that are only compensated by the large
uncertainties. Again, only individual QCD multi-jet entries with large scale factors can be found,
indicating an insufficient number of generated events in the available samples. The uncertainties are
dominated by the fill-up (which is a consequence of the small MC sample sizes), misidentification,
and cross section.
In order to get an impression on the quality of the modelling of the missing transverse energy, the
/𝐸t distribution in the exclusive 1γ+/𝐸t is examined, shown in Fig. 8.61. This distribution shows two
features worth mentioning: On one hand, for /𝐸t > 100 GeV, where the distribution is dominated
by W+ jets production, the distribution is described well by the MC, although it starts to suffer
from an insufficient number of generated events. This is not surprising as W+ jets events primarily
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Figure 8.60: Combined mass of exclusive 2γ event class. The ratio-plot has been adjusted to stress the
systematically lower data contribution compared to the MC in the bulk of the distribution. In
parentheses the total numbers of events from the different MC processes, as well as from data
are given.
enter this event class when the electron has been misidentified as a photon. On the other hand,
in the region /𝐸t < 100 GeV, a single (EM-enriched) QCD multi-jet event with a large scale factor
is found, once more showing the insufficient number of available events in the samples. It can be
assumed that given a sufficiently large number of events in these samples, the distribution in the bins
/𝐸t < 100 GeV would be much smoother. In either case, the total number of expected events (from
MC) and measured in data agree very well.
8.3.1.2 Sum of Transverse Momenta
A full scan of all event classes, with the selection including events triggered by single or double photon
triggers, has been performed. In total, 202 (out of 449) exclusive and 221 (out of 478) inclusive event
classes have been considered in the
∑︀
𝑝T scan. The resulting 𝑝 distributions are shown in Fig. 8.62.
In both cases, the agreement is worse, compared to the baseline selection (electron and muon
triggered events only) and to the extended selection including τ-leptons. In both cases, there are 10
to 15 event classes that are more significant than expected from MC. In the inclusive case, the overall
agreement is worse than in the exclusive case, and one event class is so significant that no 𝑝-value
could be computed (red marker in Fig. 8.62b).
A full list of all considered event classes can be found in Tab. C.21 and Tab. C.22. The results will
be discussed collectively in Sec. 8.3.2.
8.3.1.3 Combined Mass
For the combined mass, again at least two particles must be present in the event class to be considered,
resulting in 199 (out of 446) exclusive and 218 (out of 475) inclusive event classes in the scan. The
results are presented in Fig. 8.63.
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Figure 8.61: /𝐸t of exclusive 1γ+/𝐸t. In parentheses the total numbers of events from the different MC
processes as well as from data are given.
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(a) 𝑝 distribution of the exclusive
∑︀
𝑝T scan, considering
event classes from photon triggered events. The
first bin contains 150 expected and 140 data event
classes. In total, 25 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
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(b) 𝑝 distribution of the inclusive
∑︀
𝑝T scan, considering
event classes from photon triggered events. The
first bin contains 169 expected and 131 data event
classes. In total, 27 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
Figure 8.62: 𝑝 distributions for data-vs-SM (black and red markers), compared to SM-vs-SM (blue histogram)
prediction, for the
∑︀
𝑝T variable in exclusive and inclusive event classes, considering event
classes induced by single and double photon triggered events. The area of the blue histogram
is normalised to the total number of analysed event classes. Red markers show event classes
where no 𝑝-value could be computed because they were too significant (and not enough pseudo-
experiments could be generated).
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(a) 𝑝 distribution of the exclusive combined mass scan,
considering event classes from photon triggered
events. The first bin contains 145 expected and
136 data event classes. In total, 26 · 106 pseudo-
experiments have been produced to obtain the blue
histogram.
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(b) 𝑝 distribution of the inclusive combined mass scan,
considering event classes from photon triggered
events. The first bin contains 165 expected and
155 data event classes. In total, 21 · 106 pseudo-
experiments have been produced to obtain the blue
histogram.
Figure 8.63: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the combined mass variable in exclusive and inclusive event classes, considering
event classes induced by single and double photon triggered events. The area of the blue
histogram is normalised to the total number of analysed event classes.
A similar situation is found in the combined mass distributions as in the
∑︀
𝑝T distributions: 5
to 10 event classes are more significant than expected from MC. In every case a 𝑝-value could be
computed.
A full list of all considered event classes can be found in Tab. C.23 and Tab. C.24. The results will
be discussed collectively in Sec. 8.3.2.
8.3.1.4 Missing Transverse Energy
In the missing transverse energy scan, only classes containing significant amount of /𝐸t are considered.
This results in 95 (out of 215) exclusive and 100 (out of 221) inclusive event classes considered in
this scan. The resulting 𝑝 distributions are shown in Fig. 8.64.
The discrepancies found the in the /𝐸t distributions are less severe than in the scans of the other
two variables, but still about five event classes in each scan are more significant than expected.
A full list of all considered event classes can be found in Tab. C.25 and Tab. C.26. The results will
be discussed collectively in Sec. 8.3.2.
8.3.2 Discussion of Most Significant Event Classes
Considering the tables of the scans given in Sec. C.5, it becomes clear that aside from the event classes
that were identified as “too significant” in the previous sections, basically all of the most significant
event classes coming from the additional Photon data streams, contain one or two photons, typically
two or more jets and in some cases /𝐸t. Since the resulting significant event classes are similar for
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(a) 𝑝 distribution of the exclusive /𝐸t scan, considering
event classes from photon triggered events. The
first bin contains 73 expected and 67 data event
classes. In total, 9.5 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
)p~(
10
-log
0 1 2 3 4 5 6 7
N
um
be
r o
f E
ve
nt
 C
la
ss
es
-310
-210
-110
1
10
210
310 σ1 σ2 σ3 σ4 σ5
MET
Inclusive Classes
MC vs. MC
Data vs. MC
Including Photon stream
CMS private  = 7 TeVs
L dt = 5.0 / fb∫
(b) 𝑝 distribution of the inclusive /𝐸t scan, considering
event classes from photon triggered events. The
first bin contains 76 expected and 71 data event
classes. In total, 6.7 · 106 pseudo-experiments have
been produced to obtain the blue histogram.
Figure 8.64: 𝑝 distributions for data-vs-SM (black markers), compared to SM-vs-SM (blue histogram)
prediction, for the /𝐸t variable in exclusive and inclusive event classes, considering event classes
induced by single and double photon triggered events. The area of the blue histogram is
normalised to the total number of analysed event classes.
∑︀
𝑝T and combined mass, the focus is put on the former. Event classes with one and two photons,
respectively, will be discussed in the sections below.
8.3.2.1 Event Classes with one Photon
First of all, event classes with one photon and two or more jets are inspected. Fig. 8.65 and Fig. 8.66
show the
∑︀
𝑝T of exclusive and inclusive event classes, respectively, with one photon and two to four
jets. In the event classes with two and three jets the shape is described very well by the simulation,
but an overall deficit is found in the MC. In the inclusive case in the turn-on region, dominated by
Drell-Yan events, the MC is in particularly good agreement with the data, while in the bulk region
the data are systematically higher than the MC. The shift in data is only compensated by the large
cross section uncertainties of the used γ+ jets samples (this has already been shown in Fig. 8.59).
In the distributions with four jets (Fig. 8.65c, Fig. 8.66c), the agreement worsens, when the QCD
multi-jet process becomes the most dominant background. This can be explained by the fact that
the number of available events in theses samples is insufficient, as has been discussed before (cf.
Sec. 8.1.5.4).
When additionally considering /𝐸t in the event classes (Fig. 8.67, Fig. 8.68) the agreement is even
worse in all cases. Missing transverse energy in this kind of final state is only expected to result
from mismeasured jets. In case of three jets (Fig. 8.67b, Fig. 8.68b), where the distributions are
dominated by QCD multi-jet, the agreement is worst, leading to some of the most significant event
classes in this scanning configuration.
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Figure 8.65:
∑︀
𝑝T of exclusive event classes
with one photon and two, three
and four jets, respectively.
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∑︀
𝑝T of inclusive 1γ+2jet.
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Figure 8.66:
∑︀
𝑝T of inclusive event classes
with one photon and two, three
and four jets, respectively.
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Figure 8.67:
∑︀
𝑝T of exclusive event
classes with one photon, missing
transverse energy and two, three
and four jets, respectively.
0 500 1000 1500 2000 2500 3000
Ev
en
ts
 / 
10
 G
eV
-310
-210
-110
1
10
210
310
+2jet+MET incl.γClass: 1 =0.0018
data
p =0.0325p~
Data
+Jetsγ
Multi-Jet
tt
W+Jets
Multi-Boson
Drell-Yan
Single Top
t ttt
BG uncert
CMS private  = 7 TeVs
 / GeVT pΣ
0 500 1000 1500 2000 2500 3000
D
at
a 
/ M
C
-110
1
10
210
L dt = 5.0 / fb∫
(a)
∑︀
𝑝T of inclusive 1γ+2jet+/𝐸t.
0 500 1000 1500 2000 2500 3000 3500
Ev
en
ts
 / 
10
 G
eV
-310
-210
-110
1
10
210
+3jet+MET incl.γClass: 1 =1.86e-07
data
p =2.5e-06p~
Data
Multi-Jet
+Jetsγ
tt
W+Jets
Multi-Boson
Drell-Yan
Single Top
t ttt
BG uncert
CMS private  = 7 TeVs
 / GeVT pΣ
0 500 1000 1500 2000 2500 3000 3500
D
at
a 
/ M
C
-110
1
10
210
L dt = 5.0 / fb∫
(b)
∑︀
𝑝T of inclusive 1γ+3jet+/𝐸t.
0 500 1000 1500 2000 2500 3000
Ev
en
ts
 / 
10
 G
eV
-310
-210
-110
1
10
+4jet+MET incl.γClass: 1 =1.61e-06
data
p =0.000114p~
Data
Multi-Jet
tt
+Jetsγ
W+Jets
Drell-Yan
Multi-Boson
Single Top
t ttt
BG uncert
CMS private  = 7 TeVs
 / GeVT pΣ
0 500 1000 1500 2000 2500 3000
D
at
a 
/ M
C
-110
1
10
210
310
L dt = 5.0 / fb∫
(c)
∑︀
𝑝T of inclusive 1γ+4jet+/𝐸t.
Figure 8.68:
∑︀
𝑝T of inclusive event
classes with one photon, missing
transverse energy and two, three
and four jets, respectively.
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Two of the most significant /𝐸t distributions can also be found in the exclusive and inclusive
1γ+4jet+/𝐸t event classes. Fig. 8.69 shows these distributions. Both confirm that in most cases the
/𝐸t is rather small (below 100 GeV), which indicates a mismeasurement as suggested above. In both
cases, (EM-enriched) QCD multi-jet is the dominant process and there is at least two to three times
more data in the first bins than expected from MC.
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(a) /𝐸t distribution of exclusive 1γ+4jet+/𝐸t.
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Figure 8.69: /𝐸t distributions of exclusive and inclusive 1γ+4jet+/𝐸t. These are the most significant
distributions in the /𝐸t scans with photon triggered event classes.
8.3.2.2 Event Classes with two Photons
The other type of event classes that appear to be more significant than expected is that with two
photons and jets and/or /𝐸t. Fig. 8.70 and Fig. 8.71 show the
∑︀
𝑝T distributions of the exclusive
and inclusive event classes containing two photons and one and two jets, respectively. In all cases,
the data distributions are significantly higher than the MC prediction. Especially in Fig. 8.70a and
Fig. 8.71a, once more the insufficient number of events in QCD multi-jet samples become evident. In
both distributions, around
∑︀
𝑝T ≈ 300 GeV, one entry with a very large scale factor is visible, while
most adjacent bins have no contribution from this process.
With a second jet, the discrepancies become larger. In both, the exclusive and inclusive case, the
RoIs are found around 400 GeV, where there is an upward fluctuation in the data, while the MC
shows a dip (Fig. 8.70b and Fig. 8.71b). Again, from the QCD multi-jet processes, only a few bins
with rather large scale factors are filled (cf. App. B). Although the various QCD multi-jet processes
are among the most dominant, they leave large gaps in between filled bins. In both cases, the number
of data events found in the RoIs are at least a factor of six larger than expected from MC.
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Figure 8.70:
∑︀
𝑝T of exclusive event classes
with two photons and one and two
jets, respectively.
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Figure 8.71:
∑︀
𝑝T of inclusive event classes
with two photons and one and
two jets, respectively. (b) is
the most significant distribution
in this scan and no 𝑝-value
could be computed because it was
not possible to generate enough
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8.3.3 Conclusion
The additional analysis of datasets including single- and double-photon triggered events and resulting
event classes has been presented.
While the agreement between data and MC prediction is still reasonable in a large number of
event classes, in some particular cases event classes with photons, jets and /𝐸t are found to be more
significant than expected.
However, it could be shown that most of the spotted discrepancies can be explained by insufficient
modelling of the involved SM processes. Either the LO samples (generation and cross sections)
are inadequate (especially γ+ jets samples) or the total number of available events is insufficient
(EM-enriched QCD multi-jet samples) causing (unphysical) gaps in the expected distributions.
The trend of additional deviations found in event classes containing photons has already been
observed in the baseline selection with photons as objects.
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Chapter 9
Rediscovering the Standard Model
A key feature of any search algorithm is its ability to be sensitive to deviations from the SM prediction.
In order to put the algorithm to the test, a method is used that can be described as rediscovering
the SM. The full dataset is used (as specified in Sec. 8.1) as input to the scanner but the SM prediction
is adapted. An SM process with a comparably small cross section, producing final states that pass
the selection (i. e. preferably including highly energetic leptons), is removed from the SM prediction.
Ideally, the process is chosen in such a way that the artificially caused deviations do not become too
obvious. In this particular case, the production of two Z bosons (as described in Sec. 6.2.8.7) with
all decay channels has been removed (total cross section of about 0.8 pb) and the scan with the full
dataset has been rerun.
Since a number of very significant distributions is expected to arise from this procedure, the number
of generated pseudo-experiments has to be reduced, in order to allow a full scan in a reasonable
amount of time. A maximum of 105 pseudo-experiments has been generated per distribution in this
configuration.
A summary of the scan results will be given in the following section, and some of the most deviating
event classes will be discussed afterwards. Due to the nature of the final states produced by ZZ
events, the impact on the missing transverse energy distributions is very small, so that scans of /𝐸t
distributions are omitted in this part of the analysis.
9.1 Summary of Scans of Kinematic Distributions (Mode 2)
The 𝑝 distributions of the exclusive and inclusive
∑︀
𝑝T and combined mass scans are given in Fig. 9.1
and Fig. 9.2, respectively. In all cases a large number of distributions (approximately 10 or more) is
found that is more significant than would be expected from MC. In the inclusive scans, slightly less
“too significant” event classes are found, compared to the exclusive scan of the same variable. The
red markers show distributions where no 𝑝-value could be computed, either because the distribution
was too significant (i. e. not enough pseudo-experiments could be created, only an upper limit for 𝑝
can be given in this case) or because there was no MC prediction in the region where data events
have been found.
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Figure 9.1: 𝑝 distributions for data-vs-MC (black and red markers), compared to SM-vs-SM (blue
histograms), for the
∑︀
𝑝T variable in exclusive and inclusive event classes, where the ZZ prediction
has been removed from the set of SM processes. The area of the blue histogram is normalised to
the total number of analysed event classes.
)p~(
10
-log
0 1 2 3 4 5 6
N
um
be
r o
f E
ve
nt
 C
la
ss
es
-310
-210
-110
1
10
210
310 σ1 σ2 σ3 σ4
Mass
Exclusive Classes
MC vs. MC
Data vs. MC
Data vs. MC overflow
Without ZZ prediction
CMS private  = 7 TeVs
L dt = 5.0 / fb∫
(a) 𝑝 distribution of the exclusive combined mass
scan, without ZZ prediction in the set of SM
samples. The first bin contains 103 expected
and 61 data event classes. In total, 2.7 · 106
pseudo-experiments have been produced in order
to obtain the blue histogram.
)p~(
10
-log
0 1 2 3 4 5 6
N
um
be
r o
f E
ve
nt
 C
la
ss
es
-310
-210
-110
1
10
210
310 σ1 σ2 σ3 σ4
Mass
Inclusive Classes
MC vs. MC
Data vs. MC
Data vs. MC overflow
Without ZZ prediction
CMS private  = 7 TeVs
L dt = 5.0 / fb∫
(b) 𝑝 distribution of the inclusive combined mass
scan, without ZZ prediction in the set of SM
samples. The first bin contains 107 expected
and 82 data event classes. In total, 2.8 · 106
pseudo-experiments have been produced in order
to obtain the blue histogram.
Figure 9.2: 𝑝 distributions for data-vs-MC (black and red markers), compared to SM-vs-SM (blue
histograms), for the combined mass in exclusive and inclusive event classes, where the ZZ
prediction has been removed from the set of SM processes. The area of the blue histogram
is normalised to the total number of analysed event classes.
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9.2 Discussion of Deviations
9.2.1 Sum of Transverse Momenta
Unsurprisingly, in this configuration, deviations predominantly show up in event classes with two or
more leptons. The exclusive 4e event class has no MC prediction whatsoever, but four data events are
found, which makes it one of the ultimately significant event class in case of
∑︀
𝑝T and combined mass.
The second ultimately significant event class in the exclusive case is 2e+2γ. Only one data event
is found, but with the full SM prediction ZZ production is the by far most dominant contribution
in this event class (both Z’s decaying into electrons where two of the electrons are misidentified as
photons).
Table 9.1: The ten most significant exclusive event classes for
∑︀
𝑝T in case of missing ZZ prediction. The
list is sorted by decreasing 𝑝-value. The given 𝑝-value has been calculated in the given RoI. In
the first two event classes, no MC prediction was available at all in this configuration. No 𝑝-value
(and hence no 𝑝-value) could be computed for these event classes.
Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
4e N/A N/A 160 - 300 4.0 N/A
2e + 2γ N/A N/A 290 - 320 1.0 N/A
2e + 2µ 2.09 · 10−31 < 1/100000 150 - 270 10.0 (1.1± 195.0) · 10−5
2e + 1γ 9.25 · 10−16 < 1/100000 140 - 510 107.0 19.8± 6.9
2µ+ 1γ 2.69 · 10−12 < 1/100000 150 - 670 67.0 13.6± 4.2
4µ 1.02 · 10−11 < 1/100000 130 - 250 4.0 0.0± 0.003
3e + 1γ 1.90 · 10−7 < 1/100000 160 - 360 3.0 0.006± 0.006
1e + 2µ+ 1γ 7.23 · 10−7 < 1/100000 260 - 290 2.0 0.0± 0.001
2e + 2µ+ 1jet 9.80 · 10−4 1.00 · 10−5 520 - 550 1.0 0.0± 0.001
2e + 1γ+ 3jets 7.01 · 10−6 2.00 · 10−5 460 - 780 4.0 0.09± 0.05
The results of the ten most significant exclusive and inclusive event classes are given in Tab. 9.1
and Tab. 9.2.
Table 9.2: The ten most significant inclusive event classes for
∑︀
𝑝T in case of missing ZZ prediction. The list
is sorted by decreasing 𝑝-value. The given 𝑝-value has been calculated in the given RoI.
Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
2e + 2µ + X 1.18 · 10−22 < 1/100000 150 - 270 11.0 0.03± 0.01
2µ+ 1γ + X 5.17 · 10−13 < 1/100000 150 - 670 108.0 29.7± 6.7
2e + 1γ + X 1.19 · 10−11 < 1/100000 310 - 520 16.0 0.7± 0.5
4e + X 3.29 · 10−10 < 1/100000 160 - 300 5.0 0.02± 0.01
4µ + X 1.20 · 10−9 < 1/100000 130 - 250 5.0 0.03± 0.02
2e + 1γ+ 1jet + X 1.05 · 10−7 1.00 · 10−5 420 - 560 11.0 0.7± 0.4
3e + 1γ + X 2.90 · 10−5 8.00 · 10−5 160 - 360 3.0 0.05± 0.02
1e + 1µ+ 1γ+ 3jets + /𝐸t + X 2.54 · 10−5 1.20 · 10−4 630 - 710 2.0 (6.5± 68.9) · 10−4
1e + 2µ+ 1γ + X 6.58 · 10−5 2.80 · 10−4 170 - 290 3.0 0.06± 0.03
2e + 1µ+ 1γ+ 1jet + /𝐸t + X 0.0013 8.90 · 10−4 810 - 870 1.0 0.0± 0.002
In the inclusive case, the 4e and 2e+2γ event classes are also significant but a small MC contribution
is present, making it possible to compute a 𝑝-value. In both cases, event classes with two or three
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leptons and one or two photons (and in some cases additional jets) are the most significant event
classes to be found.
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Figure 9.3: Comparison of the inclusive
∑︀
𝑝T distribution in 2e+2µ, with and without ZZ contribution
in MC.
To give an impression on the impact of the missing process in a distribution, the
∑︀
𝑝T of inclusive
2e+2µ with and without ZZ is shown in Fig. 9.3. In Fig. 9.3a, although the total number of events
is small, the distribution is well described by the MC, e. g. most events found in data are located at
the position of the peak around 180 GeV in the MC distribution. Once the ZZ contribution has been
removed (Fig. 9.3b), only a tiny amount of tt remains and the distribution becomes very significant.
9.2.2 Combined Mass
Since the mass and the sum of transverse momenta are closely related, the results are very similar
in a configuration causing such deviations and will not be discussed in detail.
Table 9.3: The ten most significant exclusive event classes for combined mass in case of missing ZZ prediction.
The list is sorted by decreasing 𝑝-value. The given 𝑝-value has been calculated in the given RoI. In
the first two event classes, no MC prediction was available at all in this configuration. No 𝑝-value
(and hence no 𝑝-value) could be computed for these event classes.
Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
4e N/A N/A 190 - 370 4.0 N/A
2e + 2γ N/A N/A 340 - 350 1.0 N/A
2e + 2µ 3.97 · 10−25 < 1/100000 160 - 410 10.0 0.006± 0.007
Continued on next page. . .
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. . . continued from previous page.
Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
2e + 1γ 4.88 · 10−14 < 1/100000 240 - 590 31.0 2.5± 1.3
2µ+ 1γ 5.49 · 10−14 < 1/100000 330 - 400 13.0 0.03± 0.3
4µ 2.29 · 10−12 < 1/100000 190 - 280 4.0 0.0± 0.002
1µ+ 1γ 1.64 · 10−11 < 1/100000 160 - 210 124.0 30.6± 10.2
3e + 1γ 3.73 · 10−9 < 1/100000 230 - 410 3.0 0.0± 0.002
2e + 1γ+ 3jets 3.55 · 10−8 < 1/100000 840 - 980 3.0 0.0± 0.005
1e + 2µ+ 1γ 3.81 · 10−7 < 1/100000 310 - 330 2.0 0.0± 8.7 · 10−4
The results of the ten most significant exclusive and inclusive event classes are given in Tab. 9.3
and Tab. 9.4.
Table 9.4: The ten most significant inclusive event classes for combined mass in case of missing ZZ prediction.
The list is sorted by decreasing 𝑝-value. The given 𝑝-value has been calculated in the given RoI.
Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
2e + 2µ + X 1.48 · 10−19 < 1/100000 160 - 350 11.0 0.07± 0.03
2µ+ 1γ + X 2.88 · 10−19 < 1/100000 330 - 440 19.0 0.2± 0.3
2e + 1γ + X 1.47 · 10−12 < 1/100000 240 - 590 49.0 6.7± 3.0
4e + X 9.95 · 10−10 < 1/100000 190 - 370 5.0 0.03± 0.02
4µ + X 1.73 · 10−9 < 1/100000 190 - 310 5.0 0.04± 0.02
1µ+ 1γ + X 1.23 · 10−8 < 1/100000 230 - 340 110.0 29.5± 11.0
1e + 2µ+ 1γ + X 1.18 · 10−6 < 1/100000 310 - 330 2.0 (3.0± 14.1) · 10−4
3e + 1γ + X 3.60 · 10−6 2.00 · 10−5 230 - 410 3.0 0.02± 0.01
1e + 1µ+ 1γ+ 3jets + /𝐸t + X 1.64 · 10−5 9.00 · 10−5 630 - 710 2.0 (6.7± 54.7) · 10−4
2e + 2γ + X 5.44 · 10−4 2.00 · 10−4 340 - 350 1.0 0.0± 6.8 · 10−4
9.3 Conclusion
With the straightforward method presented above, it could be shown that if an SM process with
a significant contribution is missing in the MC prediction, it is very likely to be spotted by the
algorithm. Even though the number of strongly deviating distributions is rather small (𝒪 (10) event
classes for each distribution in this case), the impact of the missing SM process cannot be overlooked.
These results can also be interpreted in the way that a BSM signal with similar properties would
cause similar deviations, which would probably be detected by the MUSiC algorithm.
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Chapter 10
Sensitivity Studies Beyond the Standard Model
In contrast to a dedicated search for one particular signal, it is almost impossible for a model
unspecific search to quantify its sensitivity. In a dedicated analysis, one typical procedure is to
simulate the desired signal, and to process it in the same way, the SM prediction and the data
have been processed (i. e. run the detector simulation, reconstruction, skimming, selection, etc.).
A corresponding approach for the MUSiC analysis will be discussed in this chapter.
In order to put the presented algorithm to the test, an additional possibility to that presented in
Chap. 9 exists, which relies on pure MC prediction of a given BSM physics scenario. As discussed
in Sec. 2.2, there are several reasons why the SM is not considered to be a complete theory. A large
number of extensions has been proposed in the past years that allow to solve some of the problems of
the SM. Although there is no particular reason to prefer one model over the other, some are studied
more often. To demonstrate the sensitivity of the MUSiC algorithm, two BSM models have been
chosen. The first model is a SUSY scenario in the mSUGRA framework that predicts a number of
SUSY particles, decaying in several steps, eventually producing several SM particles and one or more
LSPs. The second model is a SM-like W′ with high mass, decaying into a lepton and a neutrino.
These two models are complementary: The former one is expected to influence a large number of
final states, while the latter one only should contribute to a small number of final states. Both
types of signals are available as MC samples that have undergone the same detector simulation and
reconstruction (and consequently the same selection) as all other used MC samples.
As already described in Sec. 5.3.7.1, a BSM signal sample is added to the SM samples and a typical
number of 100 pseudo-data outcomes is generated for each scanned distribution. Since a large number
of deviations (caused by the included signal) is expected, only up to 105 pseudo-experiment (for the
𝑝 calculation) have been generated per event class.
Plots of kinematic distribution in case of a BSM study are slightly different to those containing
data (cf. e. g. Fig. 10.2a):
• From the 100 pseudo-data outcomes per distribution, one is chosen as a representative. This
representative is the distribution with the median 𝑝-value (𝑝1/2), which is displayed by the
black markers. In other words, the distribution shown is what is expected on average as a data
outcome, presuming the used BSM process is realised in nature.
• The 𝑝1/2 and 𝑝 (computed with respect to 𝑝1/2) of this distribution are shown in the upper
right of the plot.
• A red line illustrates the expected distribution of SM background together with the BSM signal.
It represents the distributions that is used to sample the pseudo-data distributions.
10.1 mSUGRA
In this constrained SUSY model, five free parameters remain that have been used to construct a
number of benchmark points, allowing to test the sensitivity on SUSY at the LHC. One of the Low
Mass (LM) benchmark points has been chosen to demonstrate the impact on the results and to show
the sensitivity to this kind of new physics.
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The scenario studied in this case is the LM6 point1, which could be excluded in dedicated SUSY
searches with the 2011 dataset (cf. e. g. [182]). The total cross section of 0.3 pb is rather small but
the properties of that particular scenario provide some notable discrepancies, as can be seen from
the scan results shown in Fig. 10.1. The results of the scan of the /𝐸t distributions in the exclusive
and inclusive event classes have been chosen to demonstrate the impact of a signal of this type.
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(a) 𝑝 distribution of the exclusive /𝐸t scan. On average,
less than one event class is more significant than
expected with more than 3 𝜎.
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Figure 10.1: 𝑝 distributions for the signal-vs-SM (black and red markers), compared to SM-vs-SM prediction
(blue histogram) for the exclusive and inclusive /𝐸t distribution. The signal is the LM6
benchmark point in the mSUGRA scenario. The blue histograms are normalised to the
total number of event classes, the signal histogram shows the average distribution from the
100 generated pseudo-distributions, while the error bars reflect the standard deviation of the
distribution of event classes in each bin.
As the pseudo-distributions including the signal (i. e. pseudo-data) have been generated 100 times,
the signal 𝑝-distributions (black and red markers) reflect, for each bin, the average number of event
classes expected from a SM+BSM combination like the given, while the displayed uncertainties show
the standard deviation of the distribution of the event classes for each bin (rather than the error on
the mean). This depiction allows to give an impression on the average deviations to be expected
from the given signal, as well as the spread of these deviations.
The distributions show a typical behaviour that is expected from a signal like mSUGRA. On
average there are a few (about 2 or less in this case) event classes that are very significant (red
markers in Fig. 10.1) and a larger number of event classes that are more significant than expected
from the MC, in total altering the slope of the 𝑝 distribution. The spread of the deviations (implied
by the error bars) shows that large deviations occur rather rarely.
The shown distributions also demonstrate a strength of inclusive event classes. The deviations
(in the case chosen LM6 scenario) in the inclusive case are considerably larger than in the exclusive
case. Less than one event class is expected (on average) with a deviation of 3 𝜎 or more in the
exclusive case. This means that with exclusive event classes only, a BSM signal in form of LM6
would be difficult to find for MUSiC. For completeness, the resulting 𝑝 distributions for
∑︀
𝑝T and
1The low-mass point 6 is defined by: 𝑚0 = 85 GeV, 𝑚1/2 = 400 GeV, tan 𝛽 = 10, sgn𝜇 = +, 𝐴0 = 0 ([181]).
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combined mass are shown in App. E.1, neither of those shows as many deviations as the inclusive
/𝐸t distribution in Fig. 10.1.
Table 10.1: Ten most significant exclusive event classes found in the scan of /𝐸t distributions in the sensitivity
study including the mSUGRA LM6 benchmark point. The list is sorted by decreasing 𝑝-value.
Since each pseudo-distribution has been generated 100 times, the median 𝑝-value 𝑝1/2 is given.
The given 𝑝-value has been calculated with respect to 𝑝1/2. In addition, the fraction of times
each class has been found to have a 𝑝-value smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 2µ+2jets+/𝐸t 0.0049 0.13 0.03 370 - 590 4.0 0.6± 0.3
2 2e+2jets+/𝐸t 0.011 0.2 0.03 70 - 110 242.0 389.4± 64.2
3 2e+3jets+/𝐸t 0.0083 0.21 0 210 - 350 0.0 5.3± 1.2
4 2µ+3jets+/𝐸t 0.008 0.21 0.01 240 - 430 12.0 4.5± 1.3
5 1e+1µ+3jets+/𝐸t 0.009 0.22 0.08 160 - 200 33.0 18.2± 3.1
6 1µ+4jets+/𝐸t 0.0043 0.22 0 200 - 270 215.0 144.2± 23.1
7 1e+1µ+2jets+/𝐸t 0.011 0.25 0.02 70 - 100 593.0 435.7± 64.2
8 1e+1µ+4jets+/𝐸t 0.01 0.25 0.05 310 - 510 3.0 0.4± 0.1
9 2e+4jets+/𝐸t 0.013 0.27 0.04 430 - 490 1.0 4.6 · 10−4 ± 213.9 · 10−4
10 2µ+5jets+/𝐸t 0.02 0.29 0.01 60 - 110 1.0 6.6± 1.4
The ten most significant exclusive and inclusive event classes containing /𝐸t are listed in Tab. 10.1
and Tab. 10.2, respectively. A typical signature where deviations appear in this type of BSM physics
is that with two electrons or muons, missing transverse energy (from LSPs) and two or more jets (as
would be expected from a diagram like the one shown in Fig. 2.3).
Table 10.2: Ten most significant event classes found in the scan of inclusive /𝐸t distributions in the sensitivity
study including the mSUGRA LM6 benchmark point. The list is sorted by decreasing 𝑝-value.
Since each pseudo-distribution has been generated 100 times, the median 𝑝-value 𝑝1/2 is given.
The given 𝑝 has been calculated with respect to 𝑝1/2. In addition, the fraction of times each class
has been found to have a 𝑝-value smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 2e+2jets+/𝐸t+X 3.13 · 10−4 0.008 0.08 430 - 510 4.0 0.2± 0.2
2 1e+1µ+2jets+/𝐸t+X 4.41 · 10−4 0.013 0.06 330 - 610 12.0 2.9± 0.9
3 1e+1µ+1jet+/𝐸t+X 7.21 · 10−4 0.014 0.03 290 - 710 22.0 7.9± 2.0
4 2µ+1jet+/𝐸t+X 4.83 · 10−4 0.016 0.13 590 - 650 2.0 0.02± 0.03
5 2µ+2jets+/𝐸t+X 4.11 · 10−4 0.017 0.06 450 - 710 5.0 0.4± 0.3
6 1e+1µ+/𝐸t+X 0.0011 0.021 0.15 450 - 530 4.0 0.3± 0.2
7 2µ+/𝐸t+X 9.78 · 10−4 0.025 0.09 590 - 690 2.0 0.03± 0.04
8 2e+1jet+/𝐸t+X 0.0015 0.028 0.09 310 - 590 12.0 3.4± 1.3
9 2e+/𝐸t+X 0.0016 0.028 0.17 300 - 650 15.0 4.7± 1.7
10 1e+1µ+3jets+/𝐸t+X 0.0018 0.052 0.09 330 - 630 7.0 1.3± 0.4
The most significant exclusive and inclusive distribution are shown in Fig. 10.2. In both cases,
the overall signal contribution is small and only a few events in the high-/𝐸t region are selected in
the RoI.
10.2 Heavy Vector Boson
A quite different signature is expected from a SM-like vector boson with high mass. This W′ decaying
into a lepton (electron, muon, tauon) and a neutrino will predominantly give rise to excesses in the
corresponding final states with and without additional jets. Various samples with different boson
mass, split by the final states, produced with Pythia6, were available.
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Figure 10.2: Distributions with the smallest median 𝑝-value in the /𝐸t scans for LM6. The solid red line
(labelled as ‘Signal’ in each plot) illustrates the combination of SM background with included
BSM signal that has been used to sample the pseudo-data distribution, while the black markers
show one pseudo-data distribution (that with median 𝑝-value) obtained from this combination.
For this kind of model a comparison can be drawn to dedicated analyses by investigating for which
model parameters (i. e. boson masses in this case) the MUSiC algorithm would be sensitive to the
signal at the given integrated luminosity. The most suitable distribution to find a resonance like a
heavy vector boson is the mass spectrum, in this case of a lepton and a neutrino, i. e. the transverse
mass of lepton plus reconstructed /𝐸t. Although it is difficult to define a quantitative measure for
sensitivity in MUSiC, sensitivity to a given signal is claimed if the BSM study predicts on average
one or more event classes to be more significant than expected from MC with a 𝑝-value < 10−4.
The resulting exclusive and inclusive 𝑝 distributions for three different scenarios (𝑚W′ = 2000 GeV,
𝑚W′ = 2400 GeV, 𝑚W′ = 2500 GeV) are shown in Fig. 10.3. While in the 2000 GeV case clearly two
event classes would have 𝑝 < 10−4 (especially those in the last bin shown by red markers), in the
case of 2400 GeV only about one (inclusive) event class is expected to deviate as much but with a
larger spread. For the 2500 GeV W′ considerably less than one (exclusive or inclusive) event class
is expected to deviate as much as 10−4. In a sense this means that MUSiC is almost as sensitive to
this kind of signal as the dedicated searches, which could exclude a W′ with a mass of up to almost
2.5 TeV with the full integrated luminosity of 2011 (cf. e. g. [183]).
The distributions with the smallest median 𝑝-value are in all cases the mass of the exclusive and
inclusive event classes 1e+/𝐸t and 1µ+/𝐸t, respectively. A list of the event classes with the smallest
median 𝑝-value for each case is given in App. E.2.
Two distribution for 𝑚W′ = 2000 GeV, and two for 𝑚W′ = 2400 GeV are shown in Fig. 10.4 and
Fig. 10.5, respectively. In both cases, for the electron distributions, the pseudo-events clearly follow
the broad Jacobian peak visible in the signal distribution (red line). For the muon distributions, the
Jacobian peaks are in both cases much broader, providing only a limited number of events in the
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(c) 𝑝 distribution of the exclusive combined mass scan
with a W′ with 𝑚W′ = 2400 GeV.
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(d) 𝑝 distribution of the inclusive combined mass scan
with a W′ with 𝑚W′ = 2400 GeV.
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(e) 𝑝 distribution of the exclusive combined mass scan
with a W′ with 𝑚W′ = 2500 GeV.
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(f) 𝑝 distribution of the inclusive combined mass scan
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Figure 10.3: 𝑝 distributions for exclusive and inclusive combined mass with included W′ signal with different
masses. Up to a W′-mass of 2400 GeV at least one event class is expected to deviate on average
with a 𝑝 < 10−4.
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signal region. However, in the case of 𝑚W′ = 2000 GeV, there are still enough events above the SM
prediction to make this distribution significant, while in the 𝑚W′ = 2400 GeV case, the signal events
are insufficient. The muon channel alone would most likely not suffice to discover a W′ with a mass
of 2400 GeV.
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2000 GeV W′. Compared to (a) the Jacobian
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Figure 10.4: The two most significant exclusive distributions in case of a W′ with a mass of 2 TeV. The
solid red line (labelled as ‘Signal’ in each plot) illustrates the combination of SM background
with included BSM signal that has been used to sample the pseudo-data distribution, while the
black markers show one pseudo-data distribution (that with median 𝑝-value) obtained from this
combination.
10.3 Conclusion
The results presented in this chapter show that the MUSiC algorithm is sensitive to different kinds of
beyond Standard Model signals. Both complex scenarios like the presented SUSY mSUGRA point,
causing moderate deviations in many final states, as well as more straightforward models predicting
new physics in only a limited number of distributions can be detected. Although the discovery
potential is in some cases comparable to that in dedicated studies as demonstrated for W′, MUSiC
usually cannot compete with these analyses, especially if they are optimised for a complex background
and signal separation.
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Figure 10.5: The two most significant inclusive distributions in case of a W′ with a mass of 2.4 TeV. The
solid red line (labelled as ‘Signal’ in each plot) illustrates the combination of SM background
with included BSM signal that has been used to sample the pseudo-data distribution, while the
black markers show one pseudo-data distribution (that with median 𝑝-value) obtained from this
combination.
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Chapter 11
Summary and Conclusion
The implementation details, the analysis methods, the concept of event classes and the workflow
of the Model Unspecific Search in CMS (MUSiC) have been described. A list of all MC samples
used to construct a SM prediction including cross sections from dedicated theoretical calculations,
all considered systematic uncertainties and the used statistical estimators have been presented and
discussed in detail. Selection criteria for events and objects within these events, closely following the
official results of the dedicated CMS analysis groups, have been summarised.
Full scans of a significant part of the CMS data taken in 2011 have been performed in different
configurations. In addition to the baseline selection comprising events triggered by one or two
electrons or muons, events triggered by tauons in association with a significant amount of missing
transverse energy and events triggered by one or two photons have been used as input for the analysis.
A global analysis of the found event classes as well as an analysis of event classes considering lepton
charge has been performed successfully.
The overall results of the different scans have shown a remarkably good agreement between data
and MC distributions in a very wide range of event classes. Only few distributions in different event
classes and scanning configurations have been found to show more events in data than expected from
pure SM prediction. These distributions have been discussed in great detail and it could be shown
that most of the found deviations can be explained by imperfections in the available MC samples.
A comparison with preliminary results from the 2012 model unspecific search ([177]) has shown that
the statistical significance of most of the found discrepancies decreases clearly when considering a
larger dataset (i. e. higher integrated luminosity) and increased centre of mass energy and a more
suitable MC prediction.
Although the model unspecific analysis of 2011 data can be seen as finalised, a combined analysis
(with uniform selection) of the full 2011 and 2012 data (after the datasets and MC samples have
been reprocessed) would allow to put special focus on the found discrepancies with the full available
luminosity recorded at CMS.
The results of two possibilities to benchmark the presented algorithm have been presented. In
the first method a process with a comparably small cross section (ZZ production) has been removed
from the SM prediction and the analysis has been redone. This configuration clearly demonstrated
the power of MUSiC to spot a physics process with a distinct final state. In the second method the
SM prediction has been extended by signals describing beyond Standard Model processes. Potential
outcomes of a CMS experiment with these signals have been simulated (pseudo-experiments) and
have been used as input to the algorithm. Two different signals (mSUGRA LM6 and W′) with
contributions to different final states have been chosen to demonstrate the discovery potential of the
MUSiC algorithm for new physics models with small cross sections.
The Model Unspecific Search in CMS with 2011 data has been performed with great success.
The extended selection (in comparison to the 2010 analysis) comprising events coming from double
electron and muon data streams results in an excellent agreement between data and MC and allows
to lower the per-lepton momentum thresholds considerably. The used implementations allow a
full analysis of 2011 data in a reasonable time span. The ongoing analysis of 2012 data profits
from insights gained in the presented analysis and the algorithms are prepared for future analyses,
especially after the Long Shutdown of the LHC.
No evidence for physics beyond the Standard Model has been found in 2011 CMS data.
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Appendix A
Tail Probabilities
As implied before, small 𝑝-values (≪ 1) are a matter of particular interest in the presented analysis
as well as in particle physics in general. One convenient method is to translate a found 𝑝-value into
a tail probability 𝑍 of the standard normal distribution or correspondingly into a Gaussian standard
deviation. The relation is given by:
𝑝 = 1− 1√
2𝜋
𝑍∫︁
−𝑍
d𝑥 exp
(︂
−𝑥
2
2
)︂
= 1− 2 · 1√
2𝜋
𝑍∫︁
0
d𝑥 exp
(︂
−𝑥
2
2
)︂
= 1− 2
(︂
𝛷(𝑥)− 12
)︂
= 1− erf
(︂
𝑥√
2
)︂
⇔ 𝑍 =
√
2 erf−1 (1− 𝑝) , (A.1)
where 𝛷 (𝑍) is the cumulative distribution function of the standard normal distribution and
erf(𝑥) is the error function. The resulting function and representative value pairs are given in
Fig. and Tab. A.1
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3.1 · 10−1 1.0
4.5 · 10−2 2.0
2.7 · 10−3 3.0
6.3 · 10−5 4.0
1.0 · 10−5 4.4
5.7 · 10−7 5.0
Figure A.1 & Table A.1: The Figure shows 𝑍 (two sided) as a function of − log10 (𝑝). The Table gives
some representative value pairs.
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Appendix B
Monte Carlo Samples
Table B.1: List of MC samples used in the presented analysis. Only samples with at least one event passing
the selection given in Chap. 7 are listed here. Scale Factor is computed from the cross section
(cf. Sec. 6.3.1), the total number of events 𝑁events and the integrated luminosity ℒint = 5.05/pb.
Sample name 𝑁events Scale Factor
QCD_Pt-30to50_bEnriched_TuneZ2_7TeV-pythia6-evtgen 2.21 · 106 9.09 · 103
QCD_Pt-20_MuEnrichedPt-10_TuneZ2_7TeV-pythia6 7.50 · 105 2.36 · 103
QCD_Pt-50to150_bEnriched_TuneZ2_7TeV-pythia6-evtgen 2.75 · 106 1.20 · 103
QCD_Pt-20to30_EMEnriched_TuneZ2_7TeV-pythia6 1.12 · 107 1.13 · 103
QCD_Pt-80to120_TuneZ2_7TeV_pythia6 6.58 · 106 601.40
QCD_Pt-30to80_BCtoE_TuneZ2_7TeV-pythia6 1.30 · 106 558.65
QCD_Pt-30to80_EMEnriched_TuneZ2_7TeV-pythia 6.09 · 107 300.77
QCD_Pt-120to170_TuneZ2_7TeV_pythia6 4.48 · 106 129.67
QCD_Pt-80to170_EMEnriched_TuneZ2_7TeV-pythia6 8.15 · 106 88.46
QCD_Pt-150_bEnriched_TuneZ2_7TeV-pythia6-evtgen 5.19 · 105 52.79
QCD_Pt-80to170_BCtoE_TuneZ2_7TeV-pythia 1.08 · 106 43.98
Upsilon1SToEE_2EPtEtaFilter_7TeV-pythia6 2.17 · 105 39.94
QCD_Pt-170to300_TuneZ2_7TeV_pythia6 3.12 · 106 39.32
G_Pt-30to50_TuneZ2_7TeV_pythia6 2.19 · 106 38.55
Upsilon3SToEE_2EPtEtaFilter_7TeV-pythia6 1.01 · 105 27.25
QCD_Pt-80to120_MuPt5Enriched_TuneZ2_7TeV-pythia6 7.41 · 106 19.45
QCD_Pt-20_MuEnrichedPt-15_TuneZ2_7TeV-pythia6 2.51 · 107 17.05
Upsilon2SToEE_2EPtEtaFilter_7TeV-pythia6 2.20 · 105 15.00
QCD_Pt-30to40_doubleEMEnriched_TuneZ2_7TeV-pythia6 3.82 · 106 14.37
G_Pt-50to80_TuneZ2_7TeV_pythia6 2.04 · 106 6.74
Upsilon1SToMuMu_2MuEtaFilter_tuneD6T_7TeV-pythia6-evtgen 2.19 · 106 5.70
QCD_Pt-170to250_EMEnriched_TuneZ2_7TeV-pythia6 2.97 · 106 5.55
QCD_Pt-40_doubleEMEnriched_TuneZ2_7TeV-pythia6 4.02 · 107 5.47
Upsilon3SToMuMu_2MuEtaFilter_tuneD6T_7TeV-pythia6 5.56 · 105 4.31
QCD_Pt-150_MuPt5Enriched_TuneZ2_7TeV-pythia6 4.05 · 106 3.58
QCD_Pt-120to150_MuPt5Enriched_TuneZ2_7TeV-pythia6 8.01 · 106 2.85
Upsilon2SToMuMu_2MuEtaFilter_tuneD6T_7TeV-pythia6-evtgen 1.31 · 106 2.21
WJetsToLNu_TuneZ2_7TeV-madgraph-tauola 8.13 · 107 1.94
DYJetsToLL_M-10To50_TuneZ2_7TeV-madgraph 3.15 · 107 1.90
QCD_Pt-470to600_TuneZ2_7TeV_pythia6 2.40 · 105 1.48
G_Pt-80to120_TuneZ2_7TeV_pythia6 2.05 · 106 1.10
QCD_Pt-300to470_TuneZ2_7TeV_pythia6 6.03 · 106 9.79 · 10−1
QCD_Pt-600to800_TuneZ2_7TeV_pythia6 9.57 · 104 8.23 · 10−1
QCD_Pt-250to350_EMEnriched_TuneZ2_7TeV-pythia6 3.01 · 106 6.17 · 10−1
DYJetsToLL_TuneZ2_M-50_7TeV-madgraph-tauola 3.63 · 107 4.24 · 10−1
GVJets_7TeV-madgraph 1.07 · 106 2.68 · 10−1
DiPhotonBorn_Pt-25To250_7TeV-pythia6 5.33 · 105 2.12 · 10−1
G_Pt-120to170_TuneZ2_7TeV_pythia6 2.09 · 106 2.04 · 10−1
Continued on next page. . .
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Sample name 𝑁events Scale Factor
DiPhotonBox_Pt-25To250_7TeV-pythia6 5.18 · 105 1.20 · 10−1
QCD_Pt-350_EMEnriched_TuneZ2_7TeV-pythia6 2.89 · 106 9.61 · 10−2
Tbar_TuneZ2_t-channel_7TeV-powheg-tauola 1.94 · 106 5.71 · 10−2
T_TuneZ2_t-channel_7TeV-powheg-tauola 3.90 · 106 5.51 · 10−2
G_Pt-170to300_TuneZ2_7TeV_pythia6 2.08 · 106 5.50 · 10−2
Tbar_TuneZ2_s-channel_7TeV-powheg-tauola 1.38 · 105 5.45 · 10−2
T_TuneZ2_s-channel_7TeV-powheg-tauola 2.60 · 105 5.28 · 10−2
WW_TuneZ2_7TeV_pythia6_tauola 4.23 · 106 5.14 · 10−2
TTJets_TuneZ2_7TeV-madgraph-tauola 3.97 · 107 2.10 · 10−2
ZZTo4tau_7TeV-powheg-pythia6 4.99 · 105 1.12 · 10−2
ZZTo2e2tau_7TeV-powheg-pythia6 4.94 · 105 1.03 · 10−2
ZZTo4e_7TeV-powheg-pythia6 5.00 · 105 1.02 · 10−2
ZZTo2e2mu_7TeV-powheg-pythia6 5.00 · 105 1.02 · 10−2
ZZTo2mu2nue_7TeV-powheg-pythia6 4.99 · 105 1.01 · 10−2
ZZTo2e2numu_7TeV-powheg-pythia6 4.99 · 105 1.01 · 10−2
ZZTo2mu2tau_7TeV-powheg-pythia6 5.00 · 105 1.01 · 10−2
ZZTo2mu2numu_7TeV-powheg-pythia6 5.00 · 105 1.01 · 10−2
ZZTo2e2nue_7TeV-powheg-pythia6 5.00 · 105 1.01 · 10−2
WZJetsTo2L2Q_TuneZ2_7TeV-madgraph-tauola 9.52 · 105 9.38 · 10−3
ZZTo4mu_7TeV-powheg-pythia6 5.00 · 105 7.88 · 10−3
ZZJetsTo2L2Q_TuneZ2_7TeV-madgraph-tauola 4.00 · 105 7.25 · 10−3
Tbar_TuneZ2_tW-channel-DS_7TeV-powheg-tauola 7.85 · 105 6.38 · 10−3
T_TuneZ2_tW-channel-DS_7TeV-powheg-tauola 7.95 · 105 6.29 · 10−3
QCD_Pt-800to1000_TuneZ2_7TeV_pythia6 1.55 · 106 5.98 · 10−3
WZJetsTo3LNu_TuneZ2_7TeV-madgraph-tauola 1.22 · 106 4.59 · 10−3
TTbarZIncl_TuneZ2_7TeV-madgraph-tauola 1.96 · 105 3.97 · 10−3
G_Pt-300to470_TuneZ2_7TeV_pythia6 2.08 · 106 3.62 · 10−3
TTbarInclWIncl_TuneZ2_7TeV-madgraph-tauola 3.49 · 105 2.46 · 10−3
QCD_Pt-1000to1400_TuneZ2_7TeV_pythia6 7.43 · 105 2.26 · 10−3
G_Pt-470to800_TuneZ2_7TeV_pythia6 1.69 · 106 3.95 · 10−4
WWW_Wincl_TuneZ2_7TeV-madgraph-tauola 3.40 · 105 2.64 · 10−4
TTTT_TuneZ2_7TeV-madgraph-tauola 10.00 · 103 2.40 · 10−4
QCD_Pt-1400to1800_TuneZ2_7TeV_pythia6 3.96 · 105 1.39 · 10−4
DiPhotonBorn_Pt-250_7TeV-pythia6 5.26 · 105 7.74 · 10−5
GluGluToZZTo4L_7TeV-gg2zz-pythia6 5.24 · 105 3.56 · 10−5
GluGluToZZTo2L2L_7TeV-gg2zz-pythia6 5.37 · 105 3.47 · 10−5
TTbarInclWWIncl_TuneZ2_7TeV-madgraph-tauola 3.02 · 105 1.23 · 10−5
G_Pt-800to1400_TuneZ2_7TeV_pythia6 2.08 · 106 8.44 · 10−6
QCD_Pt-1800_TuneZ2_7TeV_pythia6 2.93 · 105 6.17 · 10−6
DiPhotonBox_Pt-250_7TeV-pythia6 5.18 · 105 2.03 · 10−6
G_Pt-1400to1800_TuneZ2_7TeV_pythia6 2.20 · 106 2.92 · 10−8
G_Pt-1800_TuneZ2_7TeV_pythia6 1.49 · 106 9.97 · 10−10
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Appendix C
Detailed Results
C.1 Event Classes as Counting Experiments
C.1.1 Exclusive Event Classes
Table C.1: Full list of exclusive event classes considered in the integral scan of 2011 data. The list is sorted
by increasing 𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets 6.59 · 10−5 4.0 0.2± 0.07
2 1e+1µ+1γ+3jets+/𝐸t 0.0088 2.0 0.1± 0.06
3 2µ+1γ+3jets 0.0094 2.0 0.1± 0.05
4 2e+1µ+3jets 0.013 3.0 0.5± 0.1
5 2e+1µ+1γ+1jet+/𝐸t 0.025 1.0 0.02± 0.01
6 4e+/𝐸t 0.031 1.0 0.03± 0.02
7 2e+2µ+/𝐸t 0.054 1.0 0.05± 0.03
8 1e+2γ+3jets 0.063 1.0 0.03± 0.07
9 2e+/𝐸t 0.064 7.5 · 103 6.2 · 103 ± 0.8 · 103
10 3µ+1jet 0.072 7.0 15.1± 3.9
11 1e+1µ+1γ+2jets+/𝐸t 0.076 3.0 0.9± 0.3
12 1e+4jets 0.077 2.3 · 103 1.7 · 103 ± 0.4 · 103
13 2e+1γ+4jets 0.087 1.0 0.09± 0.05
14 1µ+2γ+2jets 0.087 1.0 0.08± 0.07
15 2e+1µ+/𝐸t 0.088 12.0 21.5± 5.1
16 3µ+3jets 0.091 2.0 0.5± 0.1
17 1e+1γ+4jets+/𝐸t 0.096 6.0 2.7± 1.2
18 1e+1µ+4jets+/𝐸t 0.096 59.0 81.1± 14.2
19 3e+4jets 0.099 1.0 0.1± 0.04
20 1µ+7jets 0.1 14.0 24.3± 6.2
21 3e+3jets+/𝐸t 0.11 2.0 0.5± 0.2
22 2µ+1γ+1jet 0.11 69.0 117.3± 38.6
23 1µ+2γ+2jets+/𝐸t 0.12 1.0 0.1± 0.08
24 2e+1jet+/𝐸t 0.12 2.2 · 103 1.8 · 103 ± 0.3 · 103
25 1e+/𝐸t 0.13 1.3 · 104 1.1 · 104 ± 0.2 · 104
26 2e+1γ+1jet+/𝐸t 0.13 7.0 3.7± 1.5
27 1µ+1γ+6jets+/𝐸t 0.14 1.0 0.1± 0.08
28 2e+2µ 0.14 10.0 6.3± 1.6
29 1e+2γ 0.15 3.0 1.0± 0.9
30 1µ+1γ+3jets 0.15 46.0 32.8± 11.1
31 2e+5jets 0.16 38.0 29.6± 5.7
32 1e+9jets 0.16 1.0 0.2± 0.1
33 1e+2µ+1γ 0.17 3.0 1.3± 0.6
34 3e+/𝐸t 0.17 26.0 19.1± 5.2
35 1e+1µ+1γ 0.17 10.0 6.0± 2.7
36 1e+2µ+2jets+/𝐸t 0.17 1.0 3.4± 0.8
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Full list of exclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
37 2µ+1γ+1jet+/𝐸t 0.18 6.0 3.5± 1.2
38 3e+1γ 0.18 3.0 1.4± 0.7
39 2e+1µ+1jet 0.18 17.0 12.5± 2.9
40 1µ+6jets+/𝐸t 0.19 143.0 176.3± 34.2
41 1µ+1γ+4jets 0.19 7.0 4.2± 1.7
42 2e+7jets+/𝐸t 0.2 1.0 0.2± 0.09
43 1µ+6jets 0.2 101.0 125.3± 25.6
44 2µ+1γ 0.21 451.0 608.2± 194.2
45 2e+5jets+/𝐸t 0.21 7.0 11.0± 2.6
46 1µ+7jets+/𝐸t 0.21 22.0 30.1± 7.5
47 3µ+2jets 0.22 5.0 3.1± 0.8
48 2e+4jets 0.22 190.0 222.9± 39.4
49 1µ+1γ+4jets+/𝐸t 0.22 13.0 9.0± 3.8
50 3e+2jets+/𝐸t 0.23 1.0 3.1± 1.0
51 3µ+1jet+/𝐸t 0.23 8.0 12.0± 3.1
52 1e+1jet+/𝐸t 0.23 3.4 · 104 3.0 · 104 ± 0.5 · 104
53 1e+2jets+/𝐸t 0.23 1.4 · 104 1.3 · 104 ± 0.2 · 104
54 1e+5jets 0.24 367.0 313.4± 75.1
55 2e+1γ+1jet 0.25 62.0 82.9± 28.5
56 1µ+/𝐸t 0.25 1.8 · 106 1.7 · 106 ± 0.1 · 106
57 2e+1µ+2jets 0.25 1.0 2.8± 0.7
58 1µ+1γ+3jets+/𝐸t 0.26 53.0 41.7± 15.8
59 1e+1µ+6jets+/𝐸t 0.26 4.0 2.5± 1.0
60 2µ+/𝐸t 0.26 6.3 · 103 5.9 · 103 ± 0.7 · 103
61 2e+2jets+/𝐸t 0.26 1.1 · 103 1.0 · 103 ± 0.2 · 103
62 1e+1γ+2jets+/𝐸t 0.27 57.0 44.9± 17.9
63 2e+6jets 0.27 3.0 5.5± 1.8
64 2e+1γ+2jets 0.27 13.0 9.6± 4.0
65 1e+1µ+2jets 0.28 645.0 713.3± 110.5
66 1e+1µ+3jets+/𝐸t 0.28 318.0 353.0± 55.5
67 2µ+2jets 0.28 1.3 · 104 1.4 · 104 ± 0.2 · 104
68 1e+1γ+1jet 0.28 1.4 · 103 1.9 · 103 ± 0.9 · 103
69 1e+6jets+/𝐸t 0.29 47.0 57.3± 15.1
70 1µ+5jets 0.29 688.0 762.0± 131.4
71 1e+1γ+3jets+/𝐸t 0.3 17.0 13.5± 5.3
72 1e+1γ+5jets+/𝐸t 0.3 2.0 1.0± 0.7
73 2e+2jets 0.31 1.1 · 104 1.2 · 104 ± 0.2 · 104
74 1e+1µ+5jets+/𝐸t 0.31 12.0 15.2± 3.0
75 1e+2µ+1jet+/𝐸t 0.31 8.0 10.8± 2.6
76 2µ+6jets 0.31 3.0 1.9± 0.8
77 4µ 0.31 4.0 6.2± 1.8
78 1e+1µ+7jets+/𝐸t 0.31 1.0 0.4± 0.1
79 1e+1µ+/𝐸t 0.32 1.1 · 103 1.0 · 103 ± 0.2 · 103
80 2µ+3jets+/𝐸t 0.32 342.0 372.7± 61.2
81 1e+1γ+/𝐸t 0.32 41.0 50.2± 16.7
82 1e+1γ 0.33 518.0 651.1± 331.5
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Full list of exclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
83 2µ+1jet+/𝐸t 0.33 2.5 · 103 2.4 · 103 ± 0.4 · 103
84 2e+1µ+1jet+/𝐸t 0.34 8.0 10.5± 2.5
85 1e+7jets 0.34 7.0 9.5± 2.8
86 1e+1γ+5jets 0.34 1.0 0.4± 0.2
87 3µ+/𝐸t 0.35 22.0 26.2± 6.7
88 2µ+3jets 0.35 1.7 · 103 1.8 · 103 ± 0.3 · 103
89 2µ+1jet 0.35 8.5 · 104 8.9 · 104 ± 1.1 · 104
90 1e+1γ+1jet+/𝐸t 0.36 113.0 97.6± 39.4
91 2µ+5jets+/𝐸t 0.36 10.0 12.4± 2.7
92 1e+3jets+/𝐸t 0.36 4.5 · 103 4.2 · 103 ± 0.6 · 103
93 1e+1µ+3jets 0.36 158.0 169.9± 28.1
94 3e+2jets 0.36 6.0 4.7± 2.1
95 2e+1γ 0.36 307.0 352.6± 129.6
96 1µ+1jet+/𝐸t 0.36 2.6 · 105 2.5 · 105 ± 0.2 · 105
97 3e+1jet+/𝐸t 0.37 10.0 8.5± 2.6
98 1µ+1γ 0.37 4.8 · 103 5.3 · 103 ± 1.5 · 103
99 1e+2µ 0.38 137.0 159.1± 70.8
100 1µ+2γ 0.38 1.0 2.3± 1.3
101 1e+5jets+/𝐸t 0.39 296.0 279.9± 53.4
102 1µ+4jets 0.39 3.9 · 103 4.1 · 103 ± 0.6 · 103
103 2µ+6jets+/𝐸t 0.4 1.0 2.1± 0.7
104 1µ+1γ+1jet+/𝐸t 0.41 323.0 297.8± 103.1
105 2e+3jets+/𝐸t 0.41 287.0 275.0± 47.2
106 1µ+1γ+/𝐸t 0.41 370.0 343.7± 108.5
107 1µ+2jets+/𝐸t 0.41 6.2 · 104 6.4 · 104 ± 0.7 · 104
108 2µ+4jets 0.41 198.0 207.8± 36.7
109 2e+1γ+/𝐸t 0.41 9.0 7.9± 3.3
110 2e+4jets+/𝐸t 0.42 62.0 59.1± 12.1
111 1e+1µ 0.42 2.7 · 103 2.6 · 103 ± 0.6 · 103
112 2µ+5jets 0.43 24.0 22.6± 4.7
113 1e+3jets 0.43 1.3 · 104 1.2 · 104 ± 0.5 · 104
114 2µ+2jets+/𝐸t 0.43 1.4 · 103 1.3 · 103 ± 0.2 · 103
115 1e+1γ+2jets 0.43 331.0 354.6± 140.9
116 2µ 0.44 1.3 · 106 1.3 · 106 ± 0.2 · 106
117 2e+6jets+/𝐸t 0.44 2.0 1.5± 0.5
118 1µ+1γ+1jet 0.44 778.0 813.0± 233.8
119 1µ+8jets 0.44 2.0 3.0± 0.8
120 1e+1µ+1jet+/𝐸t 0.44 1.7 · 103 1.7 · 103 ± 0.3 · 103
121 1e+1µ+2jets+/𝐸t 0.44 1.2 · 103 1.2 · 103 ± 0.2 · 103
122 1µ+8jets+/𝐸t 0.45 6.0 5.4± 1.6
123 4e 0.45 4.0 3.5± 1.0
124 2e+1jet 0.45 6.9 · 104 7.0 · 104 ± 0.9 · 104
125 2µ+4jets+/𝐸t 0.46 75.0 73.1± 13.8
126 1e+1jet 0.46 3.4 · 105 3.6 · 105 ± 1.7 · 105
127 1e+2µ+/𝐸t 0.46 22.0 21.2± 5.0
128 3e+1jet 0.46 21.0 22.8± 9.3
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Full list of exclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
129 1µ+3jets+/𝐸t 0.47 1.6 · 104 1.7 · 104 ± 0.2 · 104
130 1e+8jets+/𝐸t 0.47 2.0 1.6± 0.5
131 1µ+2jets 0.47 1.1 · 105 1.1 · 105 ± 0.1 · 105
132 1µ+1jet 0.47 7.9 · 105 7.8 · 105 ± 1.0 · 105
133 3e 0.47 104.0 99.9± 44.9
134 1µ+5jets+/𝐸t 0.47 893.0 882.3± 146.9
135 1µ+3jets 0.47 2.0 · 104 2.0 · 104 ± 0.3 · 104
136 1e+2µ+1jet 0.48 34.0 35.7± 14.6
137 1e+6jets 0.48 51.0 52.8± 13.3
138 1e+4jets+/𝐸t 0.48 1.2 · 103 1.2 · 103 ± 0.2 · 103
139 1e+1µ+4jets 0.48 32.0 33.3± 6.0
140 1µ+4jets+/𝐸t 0.48 4.2 · 103 4.2 · 103 ± 0.6 · 103
141 1e+1γ+3jets 0.48 58.0 56.5± 23.9
142 2µ+1γ+2jets 0.48 15.0 16.1± 4.7
143 2e+1µ 0.48 45.0 44.3± 10.7
144 1e+1µ+1jet 0.48 1.2 · 103 1.1 · 103 ± 0.2 · 103
145 1e+1µ+5jets 0.49 6.0 5.7± 1.3
146 1µ+1γ+2jets+/𝐸t 0.49 148.0 150.5± 55.9
147 2e 0.49 1.1 · 106 1.1 · 106 ± 0.1 · 106
148 1e+2jets 0.49 7.4 · 104 7.3 · 104 ± 3.3 · 104
149 3µ 0.49 56.0 57.2± 14.6
150 1µ+1γ+5jets+/𝐸t 0.5 1.0 1.7± 1.0
151 2e+3jets 0.5 1.5 · 103 1.5 · 103 ± 0.2 · 103
152 1e+7jets+/𝐸t 0.5 11.0 11.8± 2.9
153 1µ 0.5 8.4 · 106 8.4 · 106 ± 0.7 · 106
154 1e 0.5 5.0 · 104 4.9 · 104 ± 2.3 · 104
155 1µ+1γ+2jets 0.5 178.0 178.8± 55.0
156 1e+2µ+2jets 0.51 6.0 5.9± 2.4
157 1e+1γ+4jets 0.51 7.0 6.9± 3.3
158 2e+1µ+3jets+/𝐸t 0.51 1.0 0.7± 0.2
159 1µ+1γ+5jets 0.53 1.0 0.8± 0.3
160 3µ+2jets+/𝐸t 0.53 3.0 3.6± 0.9
161 2e+1µ+2jets+/𝐸t 0.54 3.0 3.5± 0.9
162 1e+2µ+3jets 0.57 1.0 1.4± 0.9
163 4µ+1jet 0.57 1.0 0.9± 0.3
164 2e+1γ+2jets+/𝐸t 0.58 1.0 0.9± 0.4
165 3µ+3jets+/𝐸t 0.58 1.0 0.9± 0.3
166 1e+1µ+1γ+/𝐸t 0.58 3.0 3.3± 1.1
167 1e+2γ+1jet 0.59 1.0 0.9± 0.7
168 2µ+1γ+/𝐸t 0.59 6.0 6.1± 1.9
169 2e+2µ+1jet 0.59 1.0 0.9± 0.3
170 1µ+9jets+/𝐸t 0.6 1.0 1.0± 0.4
171 1e+1µ+1γ+1jet 0.61 2.0 2.3± 0.8
172 2e+2γ 0.61 1.0 0.9± 0.9
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C.1.2 Inclusive Event Classes
Table C.2: Full list of inclusive event classes considered in the integral scan of 2011 data. The list is sorted
by increasing 𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets+X 0.0022 5.0 0.7± 0.3
2 1e+1µ+1γ+2jets+/𝐸t+X 0.01 5.0 1.2± 0.4
3 1e+1µ+1γ+3jets+/𝐸t+X 0.019 2.0 0.2± 0.08
4 2e+1µ+1γ+1jet+/𝐸t+X 0.042 1.0 0.04± 0.02
5 1µ+2γ+2jets+X 0.051 2.0 0.3± 0.2
6 2e+1µ+1γ+1jet+X 0.056 1.0 0.06± 0.03
7 4e+/𝐸t+X 0.069 1.0 0.07± 0.03
8 2e+1µ+1γ+/𝐸t+X 0.073 1.0 0.08± 0.03
9 1e+2µ+2jets+/𝐸t+X 0.077 1.0 4.7± 1.2
10 2e+1µ+3jets+X 0.083 4.0 1.6± 0.4
11 1e+1γ+4jets+/𝐸t+X 0.094 8.0 3.8± 1.7
12 1e+1µ+1γ+3jets+X 0.095 2.0 0.5± 0.2
13 2e+/𝐸t+X 0.097 1.1 · 104 9.5 · 103 ± 1.3 · 103
14 1e+2γ+3jets+X 0.11 1.0 0.08± 0.1
15 2e+1γ+2jets+X 0.11 19.0 11.3± 4.6
16 2e+2µ+X 0.12 12.0 7.5± 1.9
17 1e+2µ+1jet+/𝐸t+X 0.12 9.0 15.6± 3.7
18 1e+1µ+1γ+2jets+X 0.13 5.0 2.5± 0.8
19 1e+1µ+4jets+/𝐸t+X 0.13 76.0 99.8± 18.0
20 2e+1γ+4jets+X 0.13 1.0 0.1± 0.08
21 1µ+7jets+X 0.14 46.0 66.1± 15.9
22 2e+2µ+/𝐸t+X 0.14 1.0 0.2± 0.05
23 2e+1γ+1jet+/𝐸t+X 0.14 9.0 5.1± 2.1
24 1e+1γ+3jets+/𝐸t+X 0.15 27.0 17.9± 6.9
25 2µ+1γ+1jet+X 0.15 92.0 139.3± 43.5
26 1µ+2γ+2jets+/𝐸t+X 0.16 1.0 0.2± 0.1
27 1µ+6jets+X 0.16 299.0 375.2± 74.8
28 1µ+1γ+3jets+X 0.17 126.0 92.2± 32.9
29 2e+1µ+/𝐸t+X 0.17 26.0 36.7± 8.7
30 3e+3jets+X 0.17 3.0 1.4± 0.4
31 3e+3jets+/𝐸t+X 0.17 2.0 0.7± 0.2
32 2e+1µ+1γ+X 0.17 1.0 0.2± 0.07
33 1e+1µ+4jets+X 0.18 114.0 140.0± 25.2
34 2e+1jet+/𝐸t+X 0.18 3.7 · 103 3.2 · 103 ± 0.5 · 103
35 1µ+1γ+6jets+/𝐸t+X 0.19 1.0 0.2± 0.1
36 1e+1γ+4jets+X 0.19 17.0 11.3± 5.0
37 1e+1γ+2jets+/𝐸t+X 0.19 88.0 64.7± 25.1
38 2µ+1γ+X 0.2 552.0 755.2± 238.5
39 1e+/𝐸t+X 0.2 8.3 · 104 7.5 · 104 ± 1.1 · 104
40 1µ+6jets+/𝐸t+X 0.2 179.0 218.5± 44.2
41 3µ+1jet+X 0.21 27.0 36.7± 9.3
42 2e+7jets+/𝐸t+X 0.22 1.0 0.2± 0.1
43 3e+/𝐸t+X 0.22 40.0 31.6± 8.7
44 1e+1µ+6jets+/𝐸t+X 0.22 5.0 3.0± 1.2
45 1µ+1γ+3jets+/𝐸t+X 0.22 70.0 53.2± 20.4
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Full list of inclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
46 1e+4jets+X 0.23 4.7 · 103 4.1 · 103 ± 0.8 · 103
47 1e+1µ+3jets+/𝐸t+X 0.23 397.0 454.6± 73.1
48 1µ+1γ+4jets+X 0.23 23.0 16.8± 6.7
49 1µ+2γ+1jet+X 0.23 2.0 0.8± 0.6
50 1e+2µ+1γ+X 0.23 3.0 1.6± 0.7
51 2e+1γ+/𝐸t+X 0.24 18.0 13.1± 5.3
52 3µ+1jet+/𝐸t+X 0.24 12.0 16.9± 4.3
53 1e+1jet+/𝐸t+X 0.25 6.2 · 104 5.6 · 104 ± 0.8 · 104
54 1e+1γ+5jets+X 0.25 3.0 1.6± 0.9
55 1e+2µ+2jets+X 0.25 8.0 12.4± 4.2
56 3e+1γ+X 0.25 3.0 1.6± 0.8
57 3µ+/𝐸t+X 0.26 34.0 43.2± 11.0
58 3e+4jets+X 0.26 1.0 0.3± 0.09
59 2µ+5jets+/𝐸t+X 0.26 11.0 14.9± 3.3
60 1µ+1γ+4jets+/𝐸t+X 0.26 15.0 11.0± 4.8
61 1e+1µ+3jets+X 0.27 597.0 666.8± 108.0
62 3µ+3jets+X 0.27 3.0 1.8± 0.5
63 2e+6jets+/𝐸t+X 0.27 3.0 1.8± 0.5
64 1µ+7jets+/𝐸t+X 0.27 30.0 37.5± 9.5
65 1e+1γ+1jet+/𝐸t+X 0.28 209.0 168.5± 66.1
66 1e+1µ+1γ+X 0.28 24.0 18.2± 8.1
67 1µ+/𝐸t+X 0.28 2.2 · 106 2.1 · 106 ± 0.2 · 106
68 3µ+2jets+X 0.28 11.0 8.6± 2.2
69 1e+2µ+3jets+X 0.29 1.0 2.8± 1.2
70 1µ+1γ+6jets+X 0.29 1.0 0.3± 0.2
71 1e+2jets+/𝐸t+X 0.3 2.3 · 104 2.2 · 104 ± 0.3 · 104
72 2e+2jets+/𝐸t+X 0.3 1.5 · 103 1.4 · 103 ± 0.2 · 103
73 2µ+1γ+2jets+/𝐸t+X 0.31 0.0 1.3± 0.4
74 2µ+2jets+X 0.31 1.7 · 104 1.8 · 104 ± 0.2 · 104
75 3µ+X 0.31 109.0 126.6± 32.1
76 2µ+1γ+3jets+X 0.31 2.0 1.1± 0.5
77 1e+1γ+3jets+X 0.32 99.0 82.3± 33.3
78 1e+2µ+3jets+/𝐸t+X 0.32 0.0 1.2± 0.3
79 4µ+X 0.32 5.0 7.3± 2.1
80 2µ+/𝐸t+X 0.32 1.1 · 104 1.0 · 104 ± 0.1 · 104
81 2e+5jets+/𝐸t+X 0.33 10.0 12.9± 3.1
82 1e+1γ+5jets+/𝐸t+X 0.33 2.0 1.1± 0.7
83 2µ+6jets+/𝐸t+X 0.33 1.0 2.5± 0.7
84 1e+1γ+1jet+X 0.33 2.1 · 103 2.6 · 103 ± 1.2 · 103
85 1e+1γ+X 0.33 3.0 · 103 3.7 · 103 ± 1.6 · 103
86 1e+1µ+2jets+X 0.34 2.4 · 103 2.6 · 103 ± 0.4 · 103
87 2e+4jets+X 0.34 305.0 331.4± 58.2
88 2µ+3jets+/𝐸t+X 0.34 429.0 463.3± 77.3
89 1e+6jets+X 0.34 130.0 146.8± 36.3
90 1µ+5jets+X 0.34 1.9 · 103 2.1 · 103 ± 0.4 · 103
91 1µ+2γ+1jet+/𝐸t+X 0.35 1.0 0.4± 0.3
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Full list of inclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
92 2µ+3jets+X 0.35 2.4 · 103 2.5 · 103 ± 0.4 · 103
93 1e+2µ+/𝐸t+X 0.35 32.0 36.9± 8.7
94 2µ+1jet+X 0.35 1.0 · 105 1.1 · 105 ± 0.1 · 105
95 1e+2µ+1jet+X 0.35 51.0 60.1± 20.6
96 1e+9jets+X 0.35 1.0 0.4± 0.2
97 2e+6jets+X 0.36 6.0 8.1± 2.3
98 1e+1γ+/𝐸t+X 0.36 262.0 230.2± 85.7
99 2e+2jets+X 0.36 1.5 · 104 1.5 · 104 ± 0.2 · 104
100 1e+1µ+6jets+X 0.36 5.0 3.9± 1.5
101 2µ+1γ+1jet+/𝐸t+X 0.36 6.0 4.8± 1.5
102 1e+5jets+X 0.37 859.0 803.2± 165.9
103 1e+1µ+2jets+/𝐸t+X 0.37 1.6 · 103 1.7 · 103 ± 0.2 · 103
104 1e+1µ+1γ+1jet+/𝐸t+X 0.37 6.0 3.7± 3.9
105 1e+6jets+/𝐸t+X 0.37 68.0 75.8± 19.5
106 2e+1γ+X 0.38 409.0 461.5± 166.4
107 1e+7jets+X 0.38 23.0 26.4± 6.7
108 1e+2γ+X 0.38 6.0 4.4± 3.1
109 2e+1µ+1jet+X 0.38 35.0 32.1± 7.5
110 1µ+1γ+X 0.39 7.3 · 103 8.0 · 103 ± 2.2 · 103
111 1e+1µ+1γ+/𝐸t+X 0.39 9.0 7.0± 4.6
112 1e+1µ+7jets+/𝐸t+X 0.39 1.0 0.5± 0.3
113 1e+3jets+X 0.39 2.5 · 104 2.3 · 104 ± 0.6 · 104
114 1e+2µ+X 0.4 224.0 248.1± 95.6
115 2e+1γ+1jet+X 0.4 89.0 98.6± 34.2
116 4e+X 0.4 5.0 4.2± 1.2
117 2µ+1jet+/𝐸t+X 0.41 4.4 · 103 4.2 · 103 ± 0.6 · 103
118 2e+1µ+1jet+/𝐸t+X 0.41 13.0 15.1± 3.6
119 1µ+1γ+/𝐸t+X 0.41 931.0 863.1± 286.1
120 1µ+1γ+1jet+/𝐸t+X 0.41 552.0 509.6± 178.0
121 1µ+1γ+2jets+X 0.42 472.0 440.7± 145.3
122 1µ+1γ+2jets+/𝐸t+X 0.42 222.0 205.6± 76.2
123 2e+3jets+/𝐸t+X 0.42 362.0 349.0± 61.2
124 3e+X 0.42 179.0 165.4± 64.7
125 1µ+4jets+X 0.42 1.0 · 104 1.1 · 104 ± 0.2 · 104
126 2µ+1γ+/𝐸t+X 0.42 12.0 10.9± 3.1
127 1µ+2jets+/𝐸t+X 0.42 8.8 · 104 9.0 · 104 ± 1.0 · 104
128 1µ+1jet+/𝐸t+X 0.43 3.5 · 105 3.5 · 105 ± 0.3 · 105
129 1e+3jets+/𝐸t+X 0.43 6.8 · 103 6.6 · 103 ± 1.0 · 103
130 2µ+4jets+X 0.43 311.0 322.3± 55.3
131 1µ+2jets+X 0.43 2.4 · 105 2.5 · 105 ± 0.3 · 105
132 1µ+5jets+/𝐸t+X 0.43 1.1 · 103 1.1 · 103 ± 0.2 · 103
133 1e+8jets+X 0.43 3.0 4.2± 1.3
134 2e+5jets+X 0.43 51.0 48.8± 9.5
135 2µ+X 0.43 1.4 · 106 1.4 · 106 ± 0.2 · 106
136 1e+1µ+1jet+X 0.44 5.4 · 103 5.5 · 103 ± 0.9 · 103
137 2e+1jet+X 0.45 8.6 · 104 8.7 · 104 ± 1.1 · 104
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Full list of inclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
138 1e+1µ+5jets+X 0.45 23.0 24.8± 5.4
139 1µ+3jets+X 0.45 5.0 · 104 5.1 · 104 ± 0.6 · 104
140 2µ+5jets+X 0.45 38.0 40.1± 8.1
141 3e+2jets+X 0.45 10.0 9.3± 3.2
142 1µ+8jets+X 0.45 9.0 10.3± 2.9
143 1e+1µ+1jet+/𝐸t+X 0.46 3.3 · 103 3.4 · 103 ± 0.5 · 103
144 2µ+6jets+X 0.46 4.0 5.0± 1.6
145 1e+1µ+7jets+X 0.46 1.0 0.7± 0.3
146 1µ+3jets+/𝐸t+X 0.46 2.3 · 104 2.3 · 104 ± 0.3 · 104
147 1e+4jets+/𝐸t+X 0.47 1.7 · 103 1.8 · 103 ± 0.3 · 103
148 3e+1jet+/𝐸t+X 0.47 13.0 12.4± 3.7
149 2µ+4jets+/𝐸t+X 0.47 86.0 88.5± 16.8
150 1e+2jets+X 0.47 1.3 · 105 1.3 · 105 ± 0.4 · 105
151 1e+1µ+5jets+/𝐸t+X 0.47 17.0 18.2± 4.1
152 1e+7jets+/𝐸t+X 0.47 15.0 14.5± 3.6
153 1µ+X 0.47 1.3 · 107 1.3 · 107 ± 0.1 · 107
154 1µ+1γ+1jet+X 0.48 1.7 · 103 1.7 · 103 ± 0.5 · 103
155 2µ+1γ+2jets+X 0.48 17.0 18.2± 5.1
156 3e+2jets+/𝐸t+X 0.48 3.0 3.9± 1.2
157 1µ+1jet+X 0.48 1.4 · 106 1.4 · 106 ± 0.1 · 106
158 1e+1µ+X 0.48 9.4 · 103 9.4 · 103 ± 1.6 · 103
159 1e+1γ+2jets+X 0.48 504.0 495.3± 193.8
160 1e+1jet+X 0.48 5.8 · 105 5.9 · 105 ± 2.2 · 105
161 1e+1µ+/𝐸t+X 0.49 4.5 · 103 4.5 · 103 ± 0.7 · 103
162 1µ+4jets+/𝐸t+X 0.49 5.5 · 103 5.5 · 103 ± 0.8 · 103
163 2e+X 0.49 1.2 · 106 1.2 · 106 ± 0.1 · 106
164 1e+5jets+/𝐸t+X 0.49 385.0 383.0± 76.9
165 1e+1µ+1γ+1jet+X 0.49 8.0 7.4± 4.7
166 1e+X 0.49 1.8 · 106 1.8 · 106 ± 0.3 · 106
167 2e+1µ+X 0.49 103.0 104.5± 24.6
168 2e+3jets+X 0.49 2.2 · 103 2.2 · 103 ± 0.3 · 103
169 1µ+8jets+/𝐸t+X 0.5 7.0 6.8± 2.1
170 3µ+2jets+/𝐸t+X 0.5 4.0 4.8± 1.2
171 2µ+2jets+/𝐸t+X 0.5 1.8 · 103 1.8 · 103 ± 0.3 · 103
172 3e+1jet+X 0.51 41.0 41.4± 14.9
173 1µ+2γ+/𝐸t+X 0.51 1.0 0.7± 0.5
174 2e+4jets+/𝐸t+X 0.52 72.0 72.2± 14.9
175 1µ+9jets+X 0.52 1.0 1.7± 0.6
176 1µ+2γ+X 0.52 3.0 3.6± 2.0
177 1µ+1γ+5jets+X 0.53 3.0 2.9± 1.4
178 2e+1µ+2jets+/𝐸t+X 0.54 4.0 4.5± 1.1
179 1e+2γ+1jet+X 0.55 2.0 2.3± 1.6
180 1µ+1γ+5jets+/𝐸t+X 0.56 2.0 2.0± 1.1
181 2e+2γ+X 0.58 1.0 1.2± 1.2
182 2e+1µ+2jets+X 0.58 8.0 8.1± 2.0
183 2e+1µ+3jets+/𝐸t+X 0.59 1.0 0.9± 0.3
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Full list of inclusive event classes considered in the integral scan of 2011 data. The list is sorted by increasing
𝑝-value, i. e. by decreasing significance.
No. Event Class 𝑝-value 𝑁Data 𝑁SM ± 𝜎SM
184 2e+1γ+2jets+/𝐸t+X 0.59 1.0 1.4± 0.6
185 1µ+9jets+/𝐸t+X 0.66 1.0 1.2± 0.5
186 1e+8jets+/𝐸t+X 0.67 2.0 2.0± 0.7
187 1e+2γ+2jets+X 0.68 1.0 1.0± 0.8
188 3µ+3jets+/𝐸t+X 0.68 1.0 1.2± 0.3
189 2e+2µ+1jet+X 0.68 1.0 1.2± 0.3
190 2e+7jets+X 0.7 1.0 1.1± 0.6
191 4µ+1jet+X 0.73 1.0 1.0± 0.3
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C.2 Scan of Kinematic Distributions
C.2.1 Sum of Transverse Momenta
C.2.1.1 Exclusive Event Classes
Table C.3: Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered exclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets 8.05 · 10−6 1.99 · 10−4 460 - 780 4.0 0.09± 0.05
2 1e+4jets 2.31 · 10−7 3.33 · 10−4 300 - 400 265.0 119.9± 24.3
3 1e+1µ+1γ+3jets+/𝐸t 3.26 · 10−5 4.84 · 10−4 630 - 710 2.0 9.0 · 10−4 ± 77.5 · 10−4
4 2µ+1γ+3jets 7.65 · 10−5 0.0019 540 - 600 2.0 0.007± 0.009
5 2e+1µ+3jets 6.47 · 10−4 0.0087 530 - 710 3.0 0.2± 0.05
6 2e+1µ+1γ+1jet+/𝐸t 0.0023 0.015 810 - 870 1.0 4.3 · 10−4 ± 26.6 · 10−4
7 1e+1µ+6jets+/𝐸t 5.13 · 10−4 0.017 810 - 900 3.0 0.1± 0.07
8 1e+2µ+1γ 0.0014 0.019 260 - 290 2.0 0.04± 0.03
9 1e+1γ+3jets+/𝐸t 4.27 · 10−4 0.027 620 - 680 8.0 1.2± 0.6
10 3µ+3jets 0.002 0.029 370 - 430 2.0 0.06± 0.02
11 2e+2µ+/𝐸t 0.0069 0.037 190 - 220 1.0 0.004± 0.006
12 4e+/𝐸t 0.0078 0.04 230 - 260 1.0 0.005± 0.007
13 2e+1γ+2jets 5.22 · 10−4 0.042 310 - 340 3.0 0.09± 0.09
14 1µ+2γ+2jets 0.0053 0.043 230 - 260 1.0 3.1 · 10−5 ± 659.7 · 10−5
15 1e+2γ+3jets 0.0045 0.046 740 - 800 1.0 6.8 · 10−5 ± 567.3 · 10−5
16 3e+4jets 0.008 0.054 780 - 840 1.0 0.006± 0.006
17 2e+1γ+1jet+/𝐸t 0.0027 0.064 560 - 760 3.0 0.2± 0.1
18 1µ+2γ+2jets+/𝐸t 0.0097 0.067 530 - 590 1.0 0.006± 0.009
19 1e+9jets 0.0038 0.069 1000 - 1090 1.0 0.0± 0.005
20 1µ+1γ+6jets+/𝐸t 0.0081 0.079 750 - 840 1.0 0.006± 0.007
21 2e+2γ 0.0076 0.081 290 - 320 1.0 0.004± 0.007
22 1e+1γ+4jets 0.0013 0.084 750 - 870 3.0 0.07± 0.2
23 1µ+8jets+/𝐸t 0.0037 0.085 2210 - 2360 1.0 5.0 · 10−6 ± 4623.2 · 10−6
24 1µ+9jets+/𝐸t 0.0038 0.087 580 - 670 1.0 0.0± 0.005
25 3e+3jets+/𝐸t 0.0094 0.092 510 - 630 2.0 0.1± 0.05
26 2e+1γ+4jets 0.0086 0.1 460 - 520 1.0 0.004± 0.009
27 2e+1µ+3jets+/𝐸t 0.012 0.12 1130 - 1220 1.0 0.01± 0.008
28 2e+7jets+/𝐸t 0.024 0.13 870 - 960 1.0 0.005± 0.03
29 2e 7.47 · 10−4 0.13 890 - 940 5.0 0.6± 0.2
30 1µ+1γ+4jets+/𝐸t 0.0044 0.13 2140 - 2290 1.0 0.0± 0.006
31 3e+1γ 0.012 0.13 350 - 380 1.0 0.009± 0.01
32 1e+1µ 0.0046 0.13 310 - 370 0.0 6.5± 1.5
33 1e+1µ+1γ+2jets+/𝐸t 0.012 0.14 390 - 450 2.0 0.1± 0.08
34 1e+1µ+1γ+/𝐸t 0.011 0.15 400 - 660 2.0 0.1± 0.09
35 1µ+1γ+3jets 0.0027 0.16 480 - 640 13.0 3.6± 1.7
36 1µ+1jet+/𝐸t 0.0036 0.16 660 - 750 415.0 591.5± 61.9
37 2µ+1jet+/𝐸t 0.0037 0.16 930 - 1020 5.0 0.7± 0.4
38 2µ+1γ+1jet+/𝐸t 0.013 0.17 270 - 330 4.0 0.8± 0.3
39 1e+1γ+5jets 0.014 0.17 1190 - 1280 1.0 1.7 · 10−4 ± 181.5 · 10−4
40 1e+7jets+/𝐸t 0.0044 0.18 1520 - 1800 4.0 0.5± 0.3
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered exclusive event classes in
2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
41 3e+2jets 0.0067 0.18 310 - 360 4.0 0.5± 0.4
42 1e+1µ+1γ 0.014 0.18 170 - 200 4.0 0.8± 0.4
43 2µ+5jets 0.0017 0.18 810 - 910 6.0 0.9± 0.5
44 3µ+1jet 0.0066 0.19 200 - 360 1.0 9.5± 2.4
45 2e+2µ 0.0095 0.19 240 - 270 3.0 0.4± 0.1
46 2e+/𝐸t 0.0066 0.21 250 - 290 106.0 67.1± 12.2
47 1µ+1γ+2jets+/𝐸t 0.0062 0.21 830 - 950 7.0 0.9± 1.2
48 3µ+2jets 0.012 0.22 250 - 280 2.0 0.2± 0.05
49 2e+2µ+1jet 0.02 0.22 520 - 550 1.0 0.02± 0.01
50 1e+1µ+7jets+/𝐸t 0.04 0.24 1020 - 1110 1.0 0.03± 0.03
51 1µ+2jets+/𝐸t 6.28 · 10−4 0.24 1250 - 1500 36.0 98.8± 18.0
52 3e+1jet+/𝐸t 0.012 0.24 440 - 540 5.0 1.2± 0.4
53 1µ+1γ+5jets 0.036 0.27 670 - 730 1.0 0.03± 0.03
54 2µ+1γ+/𝐸t 0.028 0.29 230 - 260 3.0 0.6± 0.3
55 1µ+7jets 0.0047 0.3 770 - 1010 1.0 13.1± 4.0
56 2e+1µ+/𝐸t 0.012 0.3 270 - 520 0.0 5.2± 1.2
57 1µ+1γ+4jets 0.018 0.3 300 - 350 2.0 0.06± 0.2
58 2e+6jets 0.0074 0.31 850 - 910 3.0 0.05± 0.3
59 2e+1jet 0.0032 0.34 620 - 680 39.0 76.0± 11.3
60 2µ+1γ+2jets 0.0088 0.34 460 - 520 2.0 0.04± 0.1
61 2µ+/𝐸t 0.013 0.34 550 - 690 9.0 3.3± 0.8
62 1e+1µ+3jets 0.0089 0.37 640 - 820 2.0 9.9± 1.9
63 1µ+6jets+/𝐸t 0.0081 0.37 1050 - 1140 3.0 15.4± 4.1
64 1e+1γ+2jets 0.01 0.38 1020 - 1700 5.0 0.7± 0.7
65 1µ+4jets+/𝐸t 0.0055 0.39 1470 - 1590 12.0 2.6± 2.2
66 3e+/𝐸t 0.022 0.39 190 - 220 11.0 4.8± 1.2
67 1e+6jets 0.006 0.39 880 - 970 12.0 4.2± 1.2
68 2e+1γ+2jets+/𝐸t 0.069 0.4 610 - 670 1.0 0.07± 0.04
69 2µ+1γ+1jet 0.014 0.41 390 - 430 5.0 0.9± 0.7
70 1e+1γ+4jets+/𝐸t 0.031 0.41 830 - 920 2.0 0.2± 0.2
71 2e+6jets+/𝐸t 0.062 0.42 560 - 630 1.0 0.06± 0.04
72 1µ+/𝐸t 0.016 0.42 490 - 6580 85.0 127.4± 16.8
73 1e+1γ+/𝐸t 0.014 0.43 330 - 390 9.0 2.7± 1.4
74 3e 0.025 0.45 220 - 250 7.0 2.3± 1.0
75 1e+1µ+1γ+1jet 0.059 0.45 370 - 400 1.0 0.05± 0.04
76 2e+1µ 0.022 0.45 520 - 550 1.0 0.02± 0.01
77 1e+2γ 0.04 0.46 220 - 310 2.0 0.08± 0.3
78 1e+1µ+5jets 0.028 0.47 450 - 530 3.0 0.6± 0.2
79 2e+1γ+/𝐸t 0.045 0.47 450 - 510 1.0 0.04± 0.03
80 1µ+5jets 0.0092 0.47 1080 - 1170 10.0 3.5± 1.0
81 1µ+1γ+1jet 0.02 0.48 560 - 620 4.0 0.4± 0.7
82 1µ+1γ+3jets+/𝐸t 0.021 0.49 300 - 380 10.0 3.6± 1.6
83 2e+1µ+1jet+/𝐸t 0.03 0.49 400 - 3970 0.0 4.0± 1.0
84 4µ+1jet 0.11 0.5 290 - 320 1.0 0.1± 0.05
85 1e+8jets+/𝐸t 0.088 0.51 840 - 930 1.0 0.09± 0.05
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered exclusive event classes in
2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
86 2µ+4jets+/𝐸t 0.014 0.51 490 - 550 19.0 9.7± 1.8
87 2µ+1jet 0.017 0.51 890 - 1080 5.0 15.1± 3.3
88 2µ+6jets 0.061 0.52 1000 - 1090 1.0 0.05± 0.05
89 1e+/𝐸t 0.012 0.53 1510 - 1660 2.0 0.1± 0.1
90 1µ+8jets 0.064 0.54 650 - 710 1.0 0.06± 0.05
91 3µ+3jets+/𝐸t 0.1 0.55 570 - 630 1.0 0.1± 0.04
92 2e+2jets+/𝐸t 0.013 0.55 1110 - 1770 12.0 4.4± 1.7
93 2µ+2jets 0.012 0.56 800 - 920 34.0 60.9± 9.6
94 1e+1µ+4jets+/𝐸t 0.016 0.56 690 - 780 4.0 12.6± 2.4
95 2e+5jets 0.01 0.57 420 - 480 3.0 0.3± 0.2
96 2e+1γ 0.024 0.57 300 - 350 6.0 1.6± 1.0
97 1e+3jets+/𝐸t 0.005 0.59 310 - 390 328.0 222.4± 37.0
98 2e+1jet+/𝐸t 0.019 0.59 520 - 580 33.0 19.5± 3.8
99 1µ+5jets+/𝐸t 0.014 0.59 1090 - 1230 15.0 36.4± 8.3
100 1e+1jet+/𝐸t 0.007 0.6 740 - 880 227.0 343.2± 44.3
101 2e+1γ+1jet 0.021 0.6 310 - 420 2.0 13.1± 4.7
102 2e+1µ+2jets+/𝐸t 0.066 0.62 530 - 590 2.0 0.4± 0.1
103 1e+1µ+1jet 0.029 0.64 500 - 620 0.0 3.9± 0.8
104 1e+2µ+2jets 0.068 0.64 400 - 440 2.0 0.4± 0.2
105 3µ 0.044 0.64 80 - 110 12.0 6.1± 1.6
106 1e+1γ+5jets+/𝐸t 0.12 0.65 1020 - 1110 1.0 2.2 · 10−4 ± 1616.0 · 10−4
107 2e+3jets 0.013 0.65 850 - 970 16.0 36.0± 7.3
108 4e 0.097 0.66 290 - 320 1.0 0.1± 0.04
109 3µ+1jet+/𝐸t 0.043 0.66 220 - 310 0.0 3.5± 0.9
110 1µ+1γ+/𝐸t 0.045 0.66 500 - 620 4.0 0.5± 1.0
111 1µ+1γ+1jet+/𝐸t 0.045 0.66 580 - 1280 1.0 8.3± 3.7
112 1e+2jets+/𝐸t 0.011 0.67 240 - 300 863.0 598.6± 112.3
113 2µ 0.04 0.67 400 - 460 40.0 62.8± 10.5
114 1µ+2jets 0.018 0.67 880 - 1080 63.0 107.2± 18.9
115 1e+1µ+4jets 0.026 0.67 730 - 1050 0.0 4.0± 0.9
116 1e+6jets+/𝐸t 0.025 0.68 960 - 1140 4.0 11.9± 2.4
117 1e+2µ 0.046 0.68 190 - 220 1.0 6.8± 2.4
118 1e+4jets+/𝐸t 0.018 0.68 1510 - 1830 10.0 3.1± 1.8
119 3µ+2jets+/𝐸t 0.086 0.69 470 - 530 2.0 0.5± 0.1
120 1e+5jets+/𝐸t 0.021 0.71 1250 - 1570 19.0 9.2± 2.8
121 2µ+2jets+/𝐸t 0.031 0.72 1410 - 1530 3.0 0.08± 0.6
122 1e+1γ+2jets+/𝐸t 0.042 0.74 930 - 1020 3.0 0.2± 0.6
123 2µ+1γ 0.059 0.76 60 - 90 107.0 196.0± 55.4
124 1e+2γ+1jet 0.15 0.77 310 - 340 1.0 0.02± 0.2
125 1µ+3jets+/𝐸t 0.021 0.78 1610 - 1760 13.0 4.5± 2.6
126 2e+5jets+/𝐸t 0.049 0.78 610 - 750 0.0 3.3± 0.8
127 2e+3jets+/𝐸t 0.024 0.79 1040 - 1160 7.0 2.3± 1.0
128 2µ+5jets+/𝐸t 0.052 0.79 1250 - 2100 3.0 0.6± 0.5
129 1e+2µ+2jets+/𝐸t 0.13 0.82 270 - 590 0.0 2.2± 0.6
130 3µ+/𝐸t 0.063 0.82 620 - 680 1.0 0.07± 0.02
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered exclusive event classes in
2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
131 2e+4jets 0.022 0.84 290 - 330 4.0 0.5± 0.7
132 1e+2µ+/𝐸t 0.074 0.85 240 - 270 5.0 2.1± 0.5
133 1e+2µ+1jet 0.07 0.85 280 - 310 6.0 2.4± 1.1
134 1µ+1γ+2jets 0.061 0.86 850 - 980 2.0 0.2± 0.3
135 1e+1µ+3jets+/𝐸t 0.049 0.86 990 - 1140 1.0 5.3± 1.2
136 2µ+4jets 0.029 0.86 700 - 780 9.0 20.1± 4.0
137 1e+1γ+1jet+/𝐸t 0.046 0.86 560 - 620 9.0 2.5± 2.5
138 1µ+6jets 0.041 0.87 370 - 470 0.0 3.4± 0.7
139 1e+1µ+2jets+/𝐸t 0.06 0.88 920 - 1100 2.0 6.7± 1.4
140 2µ+3jets+/𝐸t 0.041 0.89 1000 - 4890 6.0 14.5± 3.2
141 2e+1µ+1jet 0.079 0.89 240 - 360 10.0 5.5± 1.4
142 1e+1µ+1jet+/𝐸t 0.067 0.89 840 - 1320 0.0 2.8± 0.5
143 1e+2µ+1jet+/𝐸t 0.097 0.9 250 - 310 0.0 2.5± 0.6
144 1e+1µ+/𝐸t 0.076 0.91 180 - 210 272.0 214.8± 36.4
145 4µ 0.16 0.92 110 - 140 1.0 0.2± 0.06
146 2µ+3jets 0.049 0.94 950 - 1070 8.0 17.4± 3.9
147 1e+1µ+5jets+/𝐸t 0.086 0.94 640 - 730 0.0 2.6± 0.6
148 1e+1γ+3jets 0.077 0.94 300 - 370 12.0 5.7± 2.9
149 2µ+6jets+/𝐸t 0.24 0.95 810 - 900 1.0 0.3± 0.1
150 2e+4jets+/𝐸t 0.067 0.95 1100 - 1250 6.0 2.5± 1.0
151 1e+1µ+2jets 0.081 0.95 180 - 220 40.0 57.5± 9.9
152 1µ+1γ 0.12 0.95 300 - 330 3.0 0.4± 1.1
153 1µ+7jets+/𝐸t 0.092 0.96 1140 - 1370 1.0 4.5± 1.1
154 3e+1jet 0.092 0.96 260 - 330 1.0 5.4± 2.2
155 1e+7jets 0.13 0.97 750 - 850 3.0 1.1± 0.5
156 1µ+3jets 0.068 0.97 700 - 860 267.0 346.1± 49.9
157 1µ+1jet 0.09 0.97 710 - 860 50.0 33.3± 10.3
158 1µ+4jets 0.089 0.97 700 - 900 203.0 281.0± 55.3
159 1e+5jets 0.069 0.98 630 - 690 51.0 34.9± 8.3
160 1µ 0.058 0.99 120 - 150 1.2 · 103 1.5 · 103 ± 0.2 · 103
161 1e+3jets 0.051 0.99 1410 - 1560 1.0 9.5± 5.3
162 3e+2jets+/𝐸t 0.23 0.99 230 - 1940 1.0 3.1± 1.0
163 2e+1µ+2jets 0.22 0.99 190 - 430 0.0 1.6± 0.4
164 1e+1γ 0.093 1.0 430 - 520 1.0 6.2± 3.4
165 1e+2jets 0.062 1.0 1400 - 1820 2.0 10.5± 5.0
166 2e+2jets 0.031 1.0 800 - 920 33.0 54.6± 9.2
167 1e+1jet 0.16 1.0 920 - 1000 12.0 23.8± 10.9
168 1e 0.28 1.0 450 - 580 3.0 0.2± 2.1
169 1e+1γ+1jet 0.1 1.0 660 - 720 2.0 9.1± 5.9
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C.2.1.2 Inclusive Event Classes
Table C.4: Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered inclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1e+1µ+1γ+3jets+/𝐸t+X 3.13 · 10−5 4.67 · 10−4 630 - 710 2.0 0.001± 0.007
2 2e+1γ+3jets+X 2.07 · 10−4 0.0052 460 - 780 5.0 0.4± 0.2
3 1µ+2γ+2jets+X 4.35 · 10−4 0.0061 250 - 340 2.0 0.02± 0.02
4 1e+1µ+1γ+2jets+/𝐸t+X 3.55 · 10−4 0.0079 570 - 730 3.0 0.1± 0.06
5 2e+1µ+1γ+1jet+X 9.53 · 10−4 0.0092 580 - 610 1.0 0.0± 0.001
6 2e+1µ+1γ+/𝐸t+X 0.0013 0.0092 660 - 720 1.0 2.0 · 10−5 ± 160.9 · 10−5
7 2e+1µ+1γ+1jet+/𝐸t+X 0.0023 0.016 810 - 870 1.0 4.3 · 10−4 ± 26.8 · 10−4
8 2e+1µ+1γ+X 0.0021 0.021 490 - 520 1.0 4.3 · 10−4 ± 23.8 · 10−4
9 1e+1µ+1γ+/𝐸t+X 9.80 · 10−4 0.027 600 - 660 2.0 0.03± 0.03
10 2µ+1γ+/𝐸t+X 0.0011 0.032 220 - 250 7.0 1.3± 0.5
11 2e+1γ+1jet+/𝐸t+X 0.001 0.033 740 - 800 2.0 0.04± 0.03
12 2e+1γ+2jets+X 3.78 · 10−4 0.034 710 - 770 3.0 0.07± 0.09
13 1e+2µ+1γ+X 0.003 0.045 260 - 290 2.0 0.07± 0.04
14 2e+2µ+/𝐸t+X 0.01 0.048 190 - 220 1.0 0.008± 0.008
15 1e+1µ+6jets+/𝐸t+X 0.0018 0.053 810 - 900 3.0 0.2± 0.1
16 1e+1µ+1γ+X 0.0019 0.054 360 - 410 3.0 0.2± 0.1
17 1e+1γ+4jets+X 6.12 · 10−4 0.055 750 - 870 5.0 0.5± 0.3
18 1e+4jets+X 4.46 · 10−4 0.056 320 - 400 450.0 284.5± 45.3
19 1e+1γ+3jets+/𝐸t+X 0.0012 0.056 600 - 660 10.0 2.2± 1.0
20 4e+/𝐸t+X 0.01 0.067 240 - 270 1.0 0.007± 0.009
21 2µ+X 0.0033 0.08 720 - 1750 2.0 11.2± 2.0
22 1µ+2γ+2jets+/𝐸t+X 0.0094 0.08 530 - 590 1.0 0.006± 0.008
23 1e+2γ+3jets+X 0.0048 0.082 740 - 800 1.0 6.8 · 10−5 ± 596.5 · 10−5
24 2µ+1γ+2jets+X 9.39 · 10−4 0.093 460 - 540 4.0 0.3± 0.2
25 2e+1jet+/𝐸t+X 9.48 · 10−4 0.095 1050 - 1140 9.0 1.7± 0.8
26 1µ+8jets+/𝐸t+X 0.0039 0.096 2210 - 2360 1.0 3.8 · 10−4 ± 47.0 · 10−4
27 1µ+9jets+/𝐸t+X 0.0039 0.1 580 - 670 1.0 0.0± 0.005
28 1µ+1γ+6jets+/𝐸t+X 0.013 0.11 780 - 870 1.0 0.009± 0.01
29 1e+1µ+1γ+1jet+/𝐸t+X 0.0049 0.11 480 - 740 4.0 0.5± 0.3
30 1µ+9jets+X 0.0038 0.11 530 - 590 1.0 0.0± 0.005
31 2e+1γ+4jets+X 0.013 0.12 460 - 520 1.0 0.01± 0.01
32 1µ+4jets+X 0.0011 0.13 1720 - 1900 8.0 1.0± 0.9
33 2e+1µ+3jets+X 0.0092 0.13 630 - 870 3.0 0.4± 0.1
34 1µ+8jets+X 0.0036 0.13 2090 - 2210 1.0 3.6 · 10−4 ± 44.1 · 10−4
35 1µ+1γ+4jets+/𝐸t+X 0.0047 0.13 2140 - 2290 1.0 0.0± 0.006
36 2e+1µ+3jets+/𝐸t+X 0.012 0.14 1130 - 1220 1.0 0.01± 0.008
37 1e+1µ+7jets+X 0.0086 0.15 940 - 1030 1.0 0.006± 0.007
38 2e+7jets+/𝐸t+X 0.024 0.15 870 - 960 1.0 0.005± 0.03
39 3e+3jets+/𝐸t+X 0.014 0.15 510 - 630 2.0 0.2± 0.06
40 2e+1γ+1jet+X 0.0022 0.15 520 - 560 3.0 0.1± 0.2
41 1e+9jets+X 0.02 0.15 1000 - 1090 1.0 0.01± 0.02
42 1µ+1γ+4jets+X 0.0042 0.16 2070 - 2200 1.0 0.0± 0.005
43 1e+1µ+1γ+1jet+X 0.0055 0.16 460 - 540 3.0 0.2± 0.2
44 1µ+1γ+5jets+X 0.0089 0.16 650 - 710 3.0 0.4± 0.2
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered inclusive event classes in 2011.
The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated
in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1e+1µ+1γ+3jets+X 0.014 0.17 590 - 650 1.0 0.01± 0.01
46 1µ+X 0.015 0.17 370 - 480 167.0 248.0± 34.2
47 1µ+5jets+X 0.0024 0.19 1760 - 1960 7.0 0.8± 0.9
48 1µ+2γ+1jet+X 0.021 0.19 200 - 260 2.0 0.2± 0.1
49 1µ+2γ+1jet+/𝐸t+X 0.043 0.2 460 - 520 1.0 0.03± 0.04
50 1µ+1γ+6jets+X 0.034 0.2 670 - 730 1.0 0.03± 0.03
51 1µ+/𝐸t+X 0.0062 0.21 650 - 780 45.0 88.4± 15.4
52 3µ+3jets+X 0.017 0.21 360 - 410 2.0 0.2± 0.07
53 3e+1γ+X 0.021 0.21 350 - 380 1.0 0.02± 0.02
54 3e+3jets+X 0.016 0.22 460 - 520 2.0 0.2± 0.06
55 2µ+1γ+X 0.0092 0.23 390 - 440 3.0 0.2± 0.3
56 1e+1µ+1γ+2jets+X 0.015 0.23 540 - 640 2.0 0.2± 0.08
57 2µ+1γ+3jets+X 0.014 0.24 560 - 620 2.0 0.02± 0.2
58 2e+/𝐸t+X 0.0062 0.24 630 - 830 13.0 4.4± 1.7
59 1e+1µ+7jets+/𝐸t+X 0.043 0.25 1020 - 1110 1.0 0.04± 0.03
60 2e+1γ+X 0.0053 0.27 300 - 350 12.0 3.5± 1.7
61 1µ+1γ+1jet+X 0.01 0.27 890 - 980 3.0 0.08± 0.4
62 1µ+7jets+/𝐸t+X 0.0071 0.27 510 - 570 2.0 0.1± 0.07
63 3e+4jets+X 0.04 0.28 760 - 820 1.0 0.04± 0.02
64 1µ+1γ+3jets+X 0.0067 0.3 500 - 580 22.0 8.7± 3.4
65 2µ+1jet+X 0.0089 0.3 680 - 770 73.0 118.9± 16.7
66 1e+7jets+/𝐸t+X 0.0092 0.3 1520 - 1800 4.0 0.7± 0.3
67 2e+2µ+1jet+X 0.029 0.3 520 - 550 1.0 0.03± 0.02
68 2e+3jets+/𝐸t+X 0.0038 0.31 1040 - 1130 12.0 3.9± 1.2
69 2µ+1γ+1jet+/𝐸t+X 0.024 0.31 270 - 330 4.0 1.0± 0.4
70 1e+3jets+X 2.07 · 10−4 0.32 1950 - 2110 8.0 0.4± 0.8
71 1µ+2jets+/𝐸t+X 0.0032 0.32 1290 - 1500 63.0 127.1± 21.6
72 1e+1γ+4jets+/𝐸t+X 0.02 0.32 830 - 1010 3.0 0.4± 0.3
73 2µ+2jets+X 0.0054 0.32 800 - 920 64.0 112.8± 16.7
74 1e+1γ+3jets+X 0.0061 0.34 530 - 590 20.0 7.4± 3.1
75 2e+1µ+/𝐸t+X 0.012 0.35 270 - 420 2.0 10.3± 2.4
76 3µ+2jets+X 0.014 0.35 410 - 470 5.0 1.3± 0.3
77 2e+6jets+/𝐸t+X 0.034 0.35 780 - 870 2.0 0.3± 0.1
78 1µ+1γ+2jets+/𝐸t+X 0.013 0.35 1450 - 1570 2.0 0.03± 0.2
79 3e+/𝐸t+X 0.013 0.36 190 - 230 18.0 8.4± 2.2
80 2µ+5jets+X 0.0042 0.36 830 - 940 9.0 2.6± 0.8
81 1e+1γ+5jets+X 0.052 0.36 860 - 1280 2.0 0.3± 0.2
82 2e+2µ+X 0.02 0.37 240 - 270 3.0 0.5± 0.2
83 1µ+1jet+/𝐸t+X 0.012 0.38 1090 - 1210 55.0 97.1± 16.6
84 1e+1γ+2jets+/𝐸t+X 0.012 0.39 540 - 620 21.0 8.5± 3.6
85 1µ+6jets+/𝐸t+X 0.0098 0.4 1050 - 1140 5.0 18.9± 4.8
86 2e+5jets+X 0.0043 0.4 380 - 480 6.0 1.3± 0.4
87 3µ+2jets+/𝐸t+X 0.027 0.4 470 - 530 3.0 0.6± 0.2
88 1µ+2γ+/𝐸t+X 0.078 0.43 320 - 380 1.0 0.07± 0.06
89 2e+X 0.0023 0.43 890 - 960 6.0 1.2± 0.3
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered inclusive event classes in 2011.
The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated
in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 1e+1µ+4jets+/𝐸t+X 0.012 0.46 590 - 660 6.0 16.4± 2.8
91 2e+2γ+X 0.026 0.46 290 - 320 1.0 0.01± 0.03
92 1µ+7jets+X 0.01 0.47 2020 - 2140 1.0 3.6 · 10−4 ± 125.0 · 10−4
93 2e+1γ+2jets+/𝐸t+X 0.097 0.48 590 - 650 1.0 0.1± 0.05
94 2µ+4jets+X 0.007 0.48 1540 - 1950 3.0 0.2± 0.3
95 2e+6jets+X 0.014 0.49 850 - 910 3.0 0.3± 0.3
96 1e+7jets+X 0.012 0.49 1510 - 1660 4.0 0.6± 0.4
97 2e+1γ+/𝐸t+X 0.036 0.49 630 - 690 1.0 0.02± 0.03
98 2e+1µ+2jets+X 0.03 0.52 190 - 430 0.0 4.0± 1.0
99 3e+1jet+/𝐸t+X 0.032 0.54 380 - 500 8.0 3.2± 1.0
100 1e+8jets+/𝐸t+X 0.089 0.55 840 - 930 1.0 0.09± 0.05
101 4µ+1jet+X 0.13 0.55 290 - 320 1.0 0.1± 0.05
102 1µ+2jets+X 0.014 0.56 1000 - 1340 250.0 362.9± 48.6
103 3µ+1jet+/𝐸t+X 0.03 0.56 220 - 310 0.0 4.1± 1.0
104 1e+2γ+2jets+X 0.048 0.56 670 - 730 1.0 2.5 · 10−4 ± 622.6 · 10−4
105 1µ+1γ+2jets+X 0.023 0.56 750 - 870 6.0 1.3± 1.2
106 1e+2jets+/𝐸t+X 0.0058 0.57 1860 - 2260 10.0 1.9± 1.8
107 1µ+6jets+X 0.017 0.57 840 - 930 20.0 44.7± 10.0
108 2µ+1γ+1jet+X 0.025 0.58 140 - 170 9.0 26.8± 7.9
109 2µ+3jets+X 0.013 0.58 1770 - 1920 2.0 0.03± 0.2
110 1e+1γ+1jet+/𝐸t+X 0.02 0.59 580 - 680 17.0 6.1± 3.7
111 1e+6jets+/𝐸t+X 0.019 0.59 960 - 1140 6.0 16.6± 3.5
112 1e+1µ+2jets+X 0.022 0.59 610 - 670 20.0 37.7± 6.7
113 2e+3jets+X 0.0093 0.6 1090 - 1180 1.0 9.2± 2.5
114 1e+2γ+1jet+X 0.044 0.6 550 - 580 1.0 0.007± 0.05
115 2µ+2jets+/𝐸t+X 0.022 0.6 980 - 1130 6.0 16.2± 3.4
116 3µ+3jets+/𝐸t+X 0.12 0.61 530 - 590 1.0 0.1± 0.04
117 2e+2jets+/𝐸t+X 0.016 0.61 1440 - 1530 4.0 0.7± 0.5
118 3µ+X 0.03 0.62 330 - 380 6.0 2.1± 0.6
119 1e+1µ+3jets+X 0.019 0.62 230 - 260 8.0 3.0± 0.6
120 1µ+1γ+X 0.043 0.63 420 - 480 6.0 1.8± 1.2
121 1µ+1jet+X 0.044 0.63 650 - 740 499.0 637.3± 77.4
122 1e+5jets+/𝐸t+X 0.017 0.63 520 - 580 32.0 19.1± 3.2
123 1µ+4jets+/𝐸t+X 0.015 0.63 1750 - 1900 6.0 1.6± 0.7
124 1e+1µ+6jets+X 0.072 0.64 750 - 960 4.0 1.3± 0.8
125 1µ+1γ+3jets+/𝐸t+X 0.037 0.64 300 - 380 10.0 4.1± 1.7
126 1e+1γ+/𝐸t+X 0.029 0.66 280 - 310 39.0 19.6± 8.3
127 2e+1µ+2jets+/𝐸t+X 0.064 0.66 1110 - 1200 1.0 0.07± 0.02
128 1e+1γ+2jets+X 0.025 0.67 1160 - 1220 3.0 0.2± 0.5
129 3e+2jets+X 0.041 0.67 310 - 360 4.0 1.1± 0.5
130 1e+1γ+5jets+/𝐸t+X 0.11 0.68 1020 - 1110 1.0 0.002± 0.2
131 1e+1µ+X 0.039 0.68 280 - 360 89.0 132.3± 21.9
132 2e+5jets+/𝐸t+X 0.034 0.69 610 - 750 0.0 3.8± 0.9
133 1e+2jets+X 0.0051 0.69 1860 - 2020 6.0 0.5± 1.0
134 3µ+1jet+X 0.03 0.7 500 - 4110 0.0 4.0± 1.0
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered inclusive event classes in 2011.
The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated
in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
135 1µ+5jets+/𝐸t+X 0.023 0.7 1090 - 1230 26.0 53.2± 12.0
136 1e+2µ+/𝐸t+X 0.039 0.71 350 - 2640 1.0 5.8± 1.4
137 2µ+4jets+/𝐸t+X 0.026 0.71 350 - 450 0.0 4.0± 0.8
138 1e+2µ+2jets+/𝐸t+X 0.074 0.71 270 - 590 0.0 2.9± 0.7
139 2µ+1jet+/𝐸t+X 0.038 0.71 140 - 170 10.0 22.2± 5.2
140 1e+1µ+1jet+X 0.039 0.73 680 - 860 6.0 14.6± 3.2
141 1e+2γ+X 0.06 0.74 220 - 250 2.0 0.3± 0.3
142 2µ+5jets+/𝐸t+X 0.041 0.76 2050 - 2200 1.0 0.0± 0.05
143 1µ+1γ+/𝐸t+X 0.067 0.78 580 - 640 3.0 0.5± 0.7
144 2e+1µ+1jet+/𝐸t+X 0.058 0.78 460 - 640 0.0 3.1± 0.8
145 2e+1µ+1jet+X 0.034 0.79 480 - 560 5.0 1.6± 0.5
146 1e+1µ+2jets+/𝐸t+X 0.042 0.79 920 - 1010 4.0 10.7± 2.2
147 1e+4jets+/𝐸t+X 0.031 0.81 2030 - 2570 4.0 0.3± 0.9
148 2µ+3jets+/𝐸t+X 0.033 0.81 1180 - 1580 1.0 6.3± 1.7
149 1e+2µ+1jet+/𝐸t+X 0.062 0.83 250 - 310 0.0 3.1± 0.8
150 1e+1µ+5jets+/𝐸t+X 0.057 0.84 640 - 730 0.0 3.1± 0.6
151 4e+X 0.14 0.84 290 - 320 1.0 0.2± 0.06
152 3e+2jets+/𝐸t+X 0.13 0.84 450 - 530 2.0 0.6± 0.3
153 1e+5jets+X 0.036 0.87 1770 - 2410 6.0 0.9± 1.6
154 1e+2µ+1jet+X 0.05 0.87 520 - 3310 0.0 3.5± 1.0
155 2e+7jets+X 0.088 0.88 820 - 880 1.0 0.007± 0.1
156 2e+4jets+/𝐸t+X 0.046 0.88 980 - 1100 0.0 3.8± 1.2
157 4µ+X 0.14 0.89 140 - 200 1.0 4.0± 1.2
158 2e+1µ+X 0.063 0.89 600 - 630 1.0 0.06± 0.04
159 1e+1µ+1jet+/𝐸t+X 0.068 0.9 1170 - 1360 3.0 0.8± 0.4
160 1e+3jets+/𝐸t+X 0.024 0.9 2110 - 2700 5.0 0.6± 1.1
161 1e+/𝐸t+X 0.035 0.91 770 - 850 23.0 12.8± 3.5
162 2µ+/𝐸t+X 0.082 0.91 690 - 780 0.0 2.6± 0.5
163 1e+1µ+4jets+X 0.047 0.92 730 - 870 8.0 16.7± 3.3
164 1e+1µ+5jets+X 0.06 0.92 450 - 530 6.0 2.6± 0.5
165 3µ+/𝐸t+X 0.088 0.92 560 - 640 2.0 0.5± 0.1
166 1µ+3jets+/𝐸t+X 0.057 0.95 1910 - 2490 1.0 7.8± 3.8
167 1e+2µ+2jets+X 0.096 0.95 540 - 3540 0.0 2.7± 0.8
168 1e+2µ+3jets+X 0.29 0.95 300 - 3640 1.0 2.8± 1.2
169 2e+4jets+X 0.048 0.95 910 - 1010 7.0 17.1± 4.6
170 1µ+1γ+1jet+/𝐸t+X 0.11 0.96 1320 - 1440 1.0 0.01± 0.1
171 1e+8jets+X 0.14 0.96 850 - 1060 3.0 1.2± 0.5
172 1e+1jet+/𝐸t+X 0.037 0.96 1450 - 1680 8.0 22.0± 6.6
173 2µ+6jets+/𝐸t+X 0.27 0.96 870 - 960 1.0 0.3± 0.1
174 1e+1µ+3jets+/𝐸t+X 0.083 0.97 540 - 600 45.0 62.9± 10.1
175 1µ+3jets+X 0.072 0.97 660 - 720 818.0 1.0 · 103 ± 0.1 · 103
176 2µ+6jets+X 0.21 0.97 940 - 1030 1.0 0.2± 0.1
177 2e+1jet+X 0.016 0.98 1320 - 1380 2.0 0.1± 0.1
178 1e+6jets+X 0.066 0.98 570 - 630 6.0 12.5± 2.3
179 1e+2µ+X 0.14 0.99 360 - 3240 1.0 4.2± 1.5
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered inclusive event classes in 2011.
The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated
in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
180 1e+1γ+1jet+X 0.047 0.99 1020 - 1320 5.0 0.9± 1.3
181 3e+1jet+X 0.11 1.0 260 - 290 1.0 4.4± 1.4
182 3e+X 0.15 1.0 360 - 390 3.0 1.2± 0.5
183 1e+1µ+/𝐸t+X 0.19 1.0 680 - 740 0.0 1.7± 0.4
184 1e+1γ+X 0.074 1.0 330 - 360 14.0 35.2± 13.7
185 1e+1jet+X 0.11 1.0 1170 - 1320 11.0 24.9± 10.2
186 2e+2jets+X 0.05 1.0 760 - 920 112.0 156.4± 24.1
187 1e+X 0.063 1.0 700 - 790 1.0 9.3± 6.2
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C.2.2 Combined Mass
C.2.2.1 Exclusive Event Classes
Table C.5: Full list of the detailed scan of the exclusive combined mass distributions in all considered exclusive
event classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets 7.36 · 10−8 4.50 · 10−6 840 - 980 3.0 0.001± 0.006
2 2e+1µ+3jets 2.99 · 10−6 2.05 · 10−4 910 - 1010 3.0 0.02± 0.01
3 1e+1µ+1γ+3jets+/𝐸t 2.16 · 10−5 6.15 · 10−4 630 - 710 2.0 9.0 · 10−4 ± 62.3 · 10−4
4 2µ+1γ+3jets 2.79 · 10−5 0.0013 960 - 1110 2.0 5.0 · 10−4 ± 73.0 · 10−4
5 1µ+1γ+3jets 1.76 · 10−5 0.009 540 - 580 11.0 1.4± 0.7
6 3e 1.59 · 10−4 0.016 470 - 490 4.0 0.2± 0.1
7 1e+1γ+3jets+/𝐸t 1.47 · 10−4 0.016 620 - 660 8.0 1.0± 0.5
8 2e+1µ+1γ+1jet+/𝐸t 0.002 0.021 810 - 830 1.0 4.3 · 10−4 ± 22.5 · 10−4
9 2e+1γ+2jets 2.09 · 10−4 0.024 320 - 350 3.0 0.05± 0.07
10 1e+2µ+1γ 0.0013 0.03 310 - 330 2.0 0.04± 0.03
11 1e+1µ+6jets+/𝐸t 7.51 · 10−4 0.032 810 - 870 3.0 0.1± 0.08
12 2µ+1γ+2jets 6.24 · 10−5 0.032 520 - 540 3.0 0.007± 0.06
13 3e+4jets 0.0013 0.034 1210 - 1240 1.0 2.1 · 10−4 ± 15.5 · 10−4
14 2e+1jet+/𝐸t 2.51 · 10−4 0.036 520 - 540 20.0 6.6± 1.5
15 3µ+3jets 0.0012 0.04 410 - 430 1.0 2.1 · 10−4 ± 14.7 · 10−4
16 2e+2µ+/𝐸t 0.0036 0.042 210 - 220 1.0 0.002± 0.004
17 4e+/𝐸t 0.0051 0.051 240 - 250 1.0 0.003± 0.005
18 1µ+2γ+2jets+/𝐸t 0.0019 0.054 530 - 550 1.0 0.0± 0.002
19 1e+2γ+3jets 0.0017 0.067 1040 - 1060 1.0 0.0± 0.002
20 2e+1γ+1jet+/𝐸t 0.0015 0.067 560 - 580 2.0 0.03± 0.04
21 1e+1µ+1γ 0.0018 0.069 210 - 230 4.0 0.4± 0.2
22 2e+1γ+1jet 3.77 · 10−4 0.076 240 - 250 8.0 0.9± 0.7
23 1µ+2γ+2jets 0.0027 0.084 370 - 380 1.0 2.7 · 10−4 ± 32.6 · 10−4
24 1µ+3jets+/𝐸t 1.60 · 10−4 0.088 1610 - 1660 7.0 0.6± 0.5
25 1µ+4jets+/𝐸t 3.18 · 10−4 0.088 1470 - 1550 10.0 1.7± 0.9
26 1µ+1γ+6jets+/𝐸t 0.0071 0.093 780 - 810 1.0 0.005± 0.006
27 2e+2γ 0.005 0.098 340 - 350 1.0 0.002± 0.005
28 1µ+9jets+/𝐸t 0.0017 0.1 640 - 670 1.0 0.0± 0.002
29 1µ+1γ+4jets+/𝐸t 0.0021 0.12 2140 - 2190 1.0 0.0± 0.003
30 2e+1γ+4jets 0.0023 0.12 680 - 700 1.0 0.0± 0.003
31 3µ 0.0023 0.12 440 - 470 3.0 0.2± 0.09
32 2e+/𝐸t 0.0019 0.13 150 - 160 421.0 287.1± 41.5
33 2µ+/𝐸t 0.0021 0.13 50 - 60 15.0 4.9± 1.6
34 2µ+1jet+/𝐸t 0.0017 0.13 600 - 620 12.0 3.2± 1.3
35 1µ+8jets+/𝐸t 0.002 0.13 2260 - 2310 1.0 0.0± 0.002
36 1µ+1γ+2jets 8.87 · 10−4 0.13 650 - 670 5.0 0.4± 0.4
37 2e+1µ+3jets+/𝐸t 0.0084 0.14 1190 - 1220 1.0 0.007± 0.006
38 1e+9jets 0.012 0.14 1960 - 2000 1.0 0.0± 0.02
39 2µ+5jets 7.10 · 10−4 0.15 1270 - 1390 5.0 0.4± 0.4
40 3e+3jets+/𝐸t 0.012 0.15 510 - 650 2.0 0.2± 0.05
41 1e+1γ+4jets+/𝐸t 0.0037 0.16 590 - 610 2.0 0.04± 0.07
42 3e+1jet 0.0021 0.18 210 - 220 3.0 0.2± 0.08
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Full list of the detailed scan of the exclusive combined mass distributions in all considered exclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
43 1µ+1γ+1jet 0.0028 0.19 580 - 600 4.0 0.1± 0.4
44 2e+5jets 2.41 · 10−4 0.19 740 - 800 8.0 0.9± 0.7
45 1e+6jets 7.46 · 10−4 0.19 1850 - 1890 4.0 0.2± 0.2
46 3e+1γ 0.01 0.19 400 - 410 1.0 0.007± 0.009
47 2e+1γ 0.0017 0.2 380 - 420 5.0 0.5± 0.4
48 2µ+1γ+1jet+/𝐸t 0.0091 0.2 290 - 330 3.0 0.4± 0.2
49 1e+8jets+/𝐸t 0.013 0.21 900 - 930 1.0 1.7 · 10−5 ± 1587.8 · 10−5
50 1e+1µ+1γ+/𝐸t 0.01 0.22 400 - 660 2.0 0.1± 0.08
51 1e+1µ+2jets 0.0018 0.22 1220 - 1310 5.0 0.3± 0.5
52 1e+/𝐸t 7.54 · 10−4 0.23 10 - 40 379.0 210.1± 49.7
53 1e+4jets 4.25 · 10−4 0.23 780 - 820 118.0 55.8± 15.5
54 1µ+1γ+5jets 0.0045 0.23 1140 - 1170 1.0 0.0± 0.006
55 1e+5jets 4.28 · 10−4 0.23 1030 - 1090 28.0 11.1± 2.5
56 3µ+1jet 0.0051 0.23 200 - 330 0.0 6.8± 1.7
57 2e+7jets+/𝐸t 0.036 0.23 870 - 900 1.0 0.03± 0.03
58 1µ+1γ+2jets+/𝐸t 0.0033 0.24 830 - 950 7.0 0.9± 1.0
59 1e+7jets+/𝐸t 0.0048 0.25 1520 - 1800 4.0 0.6± 0.2
60 1e+1γ+5jets 0.0048 0.25 1430 - 1460 1.0 0.0± 0.006
61 2e+2µ 0.0092 0.27 160 - 180 2.0 0.1± 0.05
62 1e+1µ 0.0056 0.27 300 - 310 19.0 7.8± 2.4
63 2µ+1γ 0.006 0.28 330 - 360 9.0 2.1± 1.3
64 2e+2µ+1jet 0.016 0.28 550 - 560 1.0 0.01± 0.01
65 1e+1µ+1γ+2jets+/𝐸t 0.016 0.28 710 - 730 1.0 0.01± 0.01
66 2µ+1γ+/𝐸t 0.015 0.29 490 - 510 1.0 0.002± 0.02
67 2µ+1jet 0.0047 0.3 1280 - 1470 12.0 3.7± 1.5
68 1e+4jets+/𝐸t 0.002 0.31 400 - 420 14.0 5.0± 1.0
69 1µ+1γ 0.0088 0.32 10 - 20 16.0 46.2± 11.5
70 3e+/𝐸t 0.011 0.32 180 - 200 10.0 3.7± 1.0
71 3e+2jets 0.0065 0.32 1150 - 1230 2.0 0.06± 0.09
72 3µ+2jets 0.012 0.32 300 - 310 1.0 0.01± 0.009
73 2e+1µ+/𝐸t 0.0094 0.32 260 - 520 0.0 5.6± 1.3
74 1e+1µ+7jets+/𝐸t 0.037 0.33 1050 - 1080 1.0 0.03± 0.03
75 1e+1γ+4jets 0.0064 0.34 970 - 1060 2.0 0.04± 0.1
76 3e+1jet+/𝐸t 0.012 0.36 440 - 540 5.0 1.2± 0.3
77 1µ+1γ+4jets 0.0079 0.37 410 - 450 2.0 0.05± 0.1
78 1e+1γ+2jets 0.0033 0.37 1200 - 1220 2.0 0.01± 0.08
79 2e+1γ+2jets+/𝐸t 0.036 0.38 630 - 650 1.0 0.03± 0.03
80 1e+2jets+/𝐸t 0.0019 0.38 1230 - 1260 12.0 2.1± 1.9
81 4e 0.019 0.41 290 - 370 3.0 0.5± 0.2
82 1e+2µ+2jets 0.01 0.41 330 - 350 2.0 0.08± 0.1
83 1e+1µ+1γ+1jet 0.021 0.42 450 - 460 1.0 0.02± 0.02
84 2µ+4jets+/𝐸t 0.007 0.43 490 - 510 9.0 3.0± 0.7
85 2µ 0.012 0.44 500 - 520 4.0 13.1± 2.4
86 2e+6jets 0.0086 0.45 1450 - 1630 2.0 0.06± 0.1
87 2µ+2jets+/𝐸t 0.0067 0.45 410 - 430 104.0 67.9± 10.9
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Full list of the detailed scan of the exclusive combined mass distributions in all considered exclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
88 2e+1γ+/𝐸t 0.025 0.45 140 - 160 2.0 0.2± 0.1
89 1e+5jets+/𝐸t 0.0041 0.46 560 - 580 15.0 6.2± 1.0
90 2e+1µ 0.011 0.46 600 - 610 1.0 0.005± 0.01
91 1µ+5jets+/𝐸t 0.005 0.47 1060 - 1090 17.0 7.0± 1.7
92 1e+2γ 0.025 0.48 280 - 350 2.0 0.06± 0.2
93 3µ+3jets+/𝐸t 0.05 0.5 570 - 590 1.0 0.05± 0.02
94 1µ+1γ+/𝐸t 0.015 0.51 270 - 280 5.0 1.0± 0.6
95 1µ+1γ+3jets+/𝐸t 0.014 0.51 320 - 380 10.0 3.3± 1.5
96 2e+6jets+/𝐸t 0.062 0.51 600 - 630 1.0 0.06± 0.04
97 1µ+6jets+/𝐸t 0.0063 0.52 1050 - 1110 1.0 11.7± 3.5
98 2e+4jets+/𝐸t 0.0089 0.52 1220 - 1250 2.0 0.1± 0.08
99 1µ+8jets 0.041 0.53 1130 - 1220 2.0 0.3± 0.1
100 1e+1µ+4jets 0.0081 0.55 1950 - 1990 1.0 0.0± 0.01
101 4µ+1jet 0.032 0.55 390 - 400 1.0 0.03± 0.02
102 2µ+6jets 0.019 0.55 1680 - 1720 1.0 0.006± 0.02
103 3µ+/𝐸t 0.022 0.57 620 - 640 1.0 0.02± 0.01
104 1µ+2jets 0.0073 0.61 760 - 790 399.0 566.0± 64.9
105 1e+1µ+4jets+/𝐸t 0.014 0.64 630 - 750 8.0 19.9± 3.6
106 1e+3jets 0.0012 0.64 310 - 350 334.0 198.1± 40.9
107 2e+2jets+/𝐸t 0.01 0.64 1140 - 1170 2.0 0.1± 0.09
108 2µ+6jets+/𝐸t 0.071 0.64 870 - 900 1.0 0.06± 0.05
109 2e+1µ+1jet+/𝐸t 0.031 0.65 400 - 3850 0.0 3.9± 0.9
110 1µ+/𝐸t 0.015 0.66 490 - 6580 84.0 126.6± 16.7
111 2e+1µ+1jet 0.02 0.67 370 - 400 4.0 0.9± 0.3
112 1µ+2jets+/𝐸t 6.82 · 10−4 0.68 1250 - 1500 37.0 99.1± 17.9
113 2µ+1γ+1jet 0.021 0.69 360 - 410 1.0 10.3± 4.0
114 1e+1γ+3jets 0.015 0.69 890 - 910 2.0 0.1± 0.1
115 1µ+5jets 0.0071 0.7 1720 - 1920 14.0 4.6± 2.1
116 3µ+1jet+/𝐸t 0.038 0.72 220 - 310 0.0 3.7± 1.0
117 1µ+7jets 0.012 0.72 1460 - 1520 4.0 0.5± 0.5
118 2e+1µ+2jets+/𝐸t 0.062 0.73 530 - 590 2.0 0.4± 0.1
119 2e+3jets+/𝐸t 0.014 0.75 560 - 580 20.0 10.4± 1.9
120 1e+1µ+3jets 0.014 0.75 760 - 820 2.0 9.1± 1.8
121 1e+2γ+1jet 0.029 0.75 360 - 370 1.0 0.007± 0.03
122 1e+1γ+2jets+/𝐸t 0.025 0.75 1850 - 1890 1.0 1.2 · 10−5 ± 3140.1 · 10−5
123 1µ+6jets 0.0099 0.76 900 - 960 2.0 10.2± 2.2
124 1e+2µ+1jet 0.032 0.77 480 - 520 3.0 0.6± 0.2
125 1e+1jet+/𝐸t 0.0044 0.78 240 - 260 3.4 · 103 2.2 · 103 ± 0.4 · 103
126 1e+1γ+5jets+/𝐸t 0.054 0.79 1080 - 1110 1.0 2.0 · 10−4 ± 704.2 · 10−4
127 1e+6jets+/𝐸t 0.02 0.8 960 - 1110 3.0 10.4± 2.0
128 1e+2µ+3jets 0.045 0.81 900 - 920 1.0 0.02± 0.05
129 3µ+2jets+/𝐸t 0.088 0.83 470 - 530 2.0 0.5± 0.1
130 1e+1µ+1jet 0.024 0.83 480 - 500 14.0 6.9± 1.5
131 1e+1µ+/𝐸t 0.033 0.85 660 - 680 2.0 0.3± 0.1
132 1e+3jets+/𝐸t 0.0076 0.86 350 - 430 756.0 566.9± 73.1
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Full list of the detailed scan of the exclusive combined mass distributions in all considered exclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
133 1e+2µ+/𝐸t 0.055 0.87 240 - 260 4.0 1.3± 0.3
134 1µ+2γ 0.1 0.87 180 - 190 1.0 0.04± 0.1
135 1e+7jets 0.031 0.88 1630 - 1690 2.0 0.2± 0.2
136 2µ+5jets+/𝐸t 0.051 0.89 2050 - 2100 1.0 0.0± 0.07
137 1µ+1γ+1jet+/𝐸t 0.05 0.89 580 - 1280 1.0 7.8± 3.5
138 2µ+2jets 0.028 0.89 830 - 920 177.0 249.6± 34.9
139 1e+2µ+1jet+/𝐸t 0.069 0.9 230 - 310 0.0 2.9± 0.7
140 1e+2µ+2jets+/𝐸t 0.11 0.91 590 - 610 1.0 0.1± 0.04
141 1e+1γ+/𝐸t 0.044 0.91 570 - 590 2.0 0.07± 0.3
142 2e+5jets+/𝐸t 0.068 0.92 630 - 750 0.0 2.9± 0.7
143 2µ+4jets 0.019 0.92 1580 - 1620 4.0 0.08± 0.8
144 1e+2jets 0.013 0.93 980 - 1010 462.0 218.1± 107.1
145 1µ+3jets 0.022 0.93 240 - 250 137.0 97.9± 15.7
146 1e+2µ 0.059 0.94 210 - 230 10.0 4.9± 1.5
147 1e+1µ+5jets 0.057 0.95 770 - 890 3.0 0.8± 0.3
148 2e+3jets 0.02 0.95 810 - 830 46.0 28.5± 5.6
149 3e+2jets+/𝐸t 0.11 0.95 530 - 550 1.0 0.1± 0.07
150 2e+1jet 0.022 0.95 620 - 640 115.0 82.1± 12.5
151 1µ+7jets+/𝐸t 0.066 0.96 550 - 570 1.0 0.03± 0.07
152 2e+1µ+2jets 0.12 0.96 540 - 560 1.0 0.1± 0.05
153 1e+1µ+5jets+/𝐸t 0.084 0.96 640 - 730 0.0 2.6± 0.6
154 1e+1µ+3jets+/𝐸t 0.046 0.97 990 - 1140 1.0 5.4± 1.2
155 1e+1γ+1jet+/𝐸t 0.054 0.97 280 - 320 28.0 14.8± 6.4
156 1µ+4jets 0.038 0.98 640 - 660 156.0 114.3± 20.0
157 2µ+3jets+/𝐸t 0.044 0.99 1090 - 4890 3.0 9.7± 2.5
158 1µ+1jet+/𝐸t 0.0046 0.99 660 - 720 305.0 440.8± 48.6
159 1e+1µ+2jets+/𝐸t 0.059 0.99 920 - 1100 2.0 6.7± 1.4
160 2µ+3jets 0.039 0.99 1720 - 2150 4.0 11.9± 3.1
161 1e+1jet 0.0035 0.99 760 - 780 690.0 204.2± 175.1
162 1e+1µ+1jet+/𝐸t 0.071 0.99 100 - 190 20.0 33.8± 7.4
163 4µ 0.19 1.0 270 - 280 1.0 0.2± 0.07
164 2e+4jets 0.065 1.0 1720 - 1750 2.0 0.0± 0.5
165 2e+2jets 0.0072 1.0 1220 - 1280 13.0 31.7± 6.0
166 2e 0.0017 1.0 920 - 1330 13.0 4.2± 1.0
167 1e+1γ+1jet 0.19 1.0 160 - 180 5.0 10.9± 5.4
168 1µ+1jet 0.054 1.0 1070 - 1130 10.0 3.9± 2.4
169 1e+1γ 0.042 1.0 430 - 490 1.0 10.5± 5.7
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C.2.2.2 Inclusive Event Classes
Table C.6: Full list of the detailed scan of the inclusive combined mass distributions in all considered inclusive
event classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1e+1µ+1γ+3jets+/𝐸t+X 2.20 · 10−5 5.30 · 10−4 630 - 710 2.0 0.001± 0.006
2 2e+1γ+3jets+X 2.68 · 10−5 0.0019 840 - 1020 3.0 0.04± 0.03
3 2e+1µ+1γ+/𝐸t+X 6.21 · 10−4 0.0062 700 - 720 1.0 0.0± 7.8 · 10−4
4 1µ+2γ+1jet+X 2.72 · 10−4 0.007 300 - 310 2.0 0.01± 0.02
5 1e+1µ+1γ+2jets+/𝐸t+X 2.97 · 10−4 0.015 590 - 730 3.0 0.1± 0.06
6 2e+1µ+1γ+1jet+/𝐸t+X 0.002 0.021 810 - 830 1.0 4.3 · 10−4 ± 22.6 · 10−4
7 2e+1µ+3jets+X 4.91 · 10−4 0.022 910 - 1010 3.0 0.1± 0.05
8 1e+1µ+1γ+/𝐸t+X 6.35 · 10−4 0.029 600 - 660 2.0 0.02± 0.03
9 2e+1µ+1γ+1jet+X 0.0016 0.029 590 - 600 1.0 3.7 · 10−4 ± 18.0 · 10−4
10 2e+1γ+1jet+X 1.20 · 10−4 0.032 150 - 160 3.0 0.02± 0.07
11 2µ+1γ+/𝐸t+X 8.44 · 10−4 0.036 220 - 260 7.0 1.2± 0.5
12 1e+1γ+3jets+/𝐸t+X 4.24 · 10−4 0.037 600 - 660 11.0 2.2± 1.0
13 3e+4jets+X 0.0013 0.046 1210 - 1240 1.0 2.2 · 10−4 ± 15.5 · 10−4
14 2e+2µ+/𝐸t+X 0.0044 0.047 210 - 220 1.0 0.002± 0.004
15 1e+2µ+1γ+X 0.0018 0.049 310 - 330 2.0 0.05± 0.03
16 2e+1µ+1γ+X 0.0037 0.05 410 - 420 1.0 0.001± 0.004
17 4e+/𝐸t+X 0.0053 0.05 240 - 250 1.0 0.003± 0.005
18 1µ+2γ+2jets+/𝐸t+X 0.0017 0.053 530 - 550 1.0 0.0± 0.002
19 2e+1γ+1jet+/𝐸t+X 0.0011 0.054 560 - 780 4.0 0.4± 0.2
20 1e+1γ+5jets+X 4.54 · 10−4 0.056 1430 - 1460 2.0 5.9 · 10−6 ± 30631.2 · 10−6
21 2µ+1γ+2jets+X 2.05 · 10−4 0.056 520 - 540 3.0 0.06± 0.07
22 1e+1µ+6jets+/𝐸t+X 0.0018 0.066 810 - 870 3.0 0.2± 0.09
23 3e+1jet+X 4.29 · 10−4 0.067 160 - 220 10.0 1.9± 0.8
24 1µ+2γ+2jets+X 0.002 0.07 410 - 420 1.0 0.0± 0.002
25 2e+1γ+4jets+X 0.0017 0.079 680 - 700 1.0 0.0± 0.002
26 1e+1γ+3jets+X 2.96 · 10−4 0.08 890 - 910 5.0 0.4± 0.2
27 2µ+1γ+3jets+X 0.0018 0.1 960 - 1110 2.0 0.05± 0.03
28 1µ+1γ+6jets+/𝐸t+X 0.0072 0.1 780 - 810 1.0 0.005± 0.006
29 1µ+9jets+/𝐸t+X 0.0018 0.1 640 - 670 1.0 0.0± 0.002
30 3µ+3jets+X 0.0023 0.11 550 - 590 2.0 0.06± 0.03
31 2e+1γ+2jets+X 0.0011 0.12 750 - 930 4.0 0.3± 0.2
32 1µ+1γ+4jets+/𝐸t+X 0.0022 0.12 2140 - 2190 1.0 0.0± 0.003
33 1e+2γ+3jets+X 0.0083 0.13 1040 - 1080 1.0 0.005± 0.007
34 1µ+4jets+X 5.50 · 10−4 0.13 2380 - 2440 6.0 0.7± 0.4
35 1µ+8jets+/𝐸t+X 0.002 0.13 580 - 610 1.0 0.0± 0.003
36 1µ+9jets+X 0.0015 0.14 790 - 810 1.0 0.0± 0.002
37 1e+1µ+1γ+3jets+X 0.0066 0.14 830 - 850 1.0 0.0± 0.008
38 2e+1µ+/𝐸t+X 0.003 0.15 270 - 400 0.0 7.3± 1.7
39 1µ+1γ+1jet+X 0.0029 0.16 660 - 740 14.0 4.1± 1.8
40 2e+1µ+3jets+/𝐸t+X 0.0086 0.16 1190 - 1220 1.0 0.007± 0.006
41 3e+X 0.0011 0.16 460 - 490 5.0 0.7± 0.2
42 2e+6jets+/𝐸t+X 0.0058 0.17 840 - 870 2.0 0.1± 0.05
43 3e+3jets+X 0.0066 0.17 1100 - 1120 1.0 0.002± 0.007
44 1e+1µ+1γ+X 0.0044 0.18 210 - 230 6.0 1.2± 0.5
Continued on next page. . .
234 Appendix C Detailed Results
. . . continued from previous page.
Full list of the detailed scan of the inclusive combined mass distributions in all considered inclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1µ+8jets+X 0.0018 0.18 710 - 730 1.0 0.0± 0.002
46 1e+1µ+1γ+1jet+/𝐸t+X 0.0063 0.19 460 - 740 4.0 0.6± 0.3
47 3µ+2jets+X 0.0037 0.19 450 - 530 6.0 1.3± 0.3
48 1µ+2γ+1jet+/𝐸t+X 0.037 0.2 440 - 460 1.0 0.03± 0.03
49 1µ+7jets+/𝐸t+X 0.0036 0.2 550 - 570 2.0 0.05± 0.07
50 3e+3jets+/𝐸t+X 0.018 0.22 510 - 650 2.0 0.2± 0.06
51 1e+8jets+/𝐸t+X 0.013 0.23 900 - 930 1.0 1.7 · 10−5 ± 1586.7 · 10−5
52 1e+1µ+1γ+2jets+X 0.0082 0.24 760 - 880 2.0 0.1± 0.06
53 2µ+1γ+X 0.005 0.24 330 - 370 14.0 4.0± 2.2
54 1e+1γ+4jets+/𝐸t+X 0.0068 0.24 590 - 610 2.0 0.08± 0.08
55 1µ+4jets+/𝐸t+X 0.0019 0.25 1800 - 1900 6.0 0.9± 0.5
56 1e+1µ+4jets+X 0.0019 0.26 1950 - 2030 4.0 0.5± 0.2
57 2e+1γ+X 0.0027 0.26 240 - 250 8.0 1.6± 0.9
58 2e+1jet+/𝐸t+X 0.0026 0.26 1080 - 1140 6.0 0.8± 0.6
59 3e+1γ+X 0.013 0.26 400 - 410 1.0 0.01± 0.01
60 2e+7jets+/𝐸t+X 0.036 0.27 870 - 900 1.0 0.03± 0.03
61 1µ+1γ+5jets+X 0.0059 0.28 830 - 850 2.0 0.09± 0.06
62 1e+1γ+4jets+X 0.003 0.28 1030 - 1120 3.0 0.2± 0.2
63 1e+2γ+X 0.0065 0.28 340 - 360 2.0 0.02± 0.1
64 2e+5jets+X 6.86 · 10−4 0.29 740 - 800 9.0 1.7± 0.8
65 1e+1γ+2jets+/𝐸t+X 0.0044 0.31 560 - 620 16.0 5.2± 2.3
66 2e+2µ+1jet+X 0.018 0.31 550 - 560 1.0 0.02± 0.01
67 2e+2jets+/𝐸t+X 0.003 0.34 1730 - 1770 2.0 0.05± 0.06
68 3µ+1jet+X 0.0064 0.34 240 - 320 1.0 9.5± 2.4
69 1e+1µ+7jets+/𝐸t+X 0.037 0.34 1050 - 1080 1.0 0.03± 0.03
70 1µ+1γ+6jets+X 0.039 0.35 870 - 910 1.0 0.03± 0.03
71 1µ+1γ+3jets+X 0.0043 0.35 540 - 560 10.0 2.7± 1.2
72 1e+1µ+7jets+X 0.037 0.36 1510 - 1540 1.0 0.03± 0.03
73 1e+1µ+6jets+X 0.01 0.37 710 - 730 1.0 0.004± 0.01
74 2µ+1γ+1jet+/𝐸t+X 0.02 0.37 290 - 330 3.0 0.5± 0.2
75 1e+9jets+X 0.037 0.38 1960 - 2000 1.0 0.03± 0.03
76 3e+2jets+/𝐸t+X 0.014 0.38 530 - 550 2.0 0.2± 0.08
77 2µ+5jets+X 0.0036 0.4 1860 - 2210 4.0 0.5± 0.3
78 2e+2µ+X 0.013 0.4 160 - 180 2.0 0.2± 0.06
79 1e+7jets+/𝐸t+X 0.01 0.41 1520 - 1800 4.0 0.7± 0.3
80 2e+2γ+X 0.013 0.41 340 - 350 1.0 0.003± 0.02
81 3e+/𝐸t+X 0.012 0.41 170 - 220 25.0 12.3± 3.4
82 2e+3jets+/𝐸t+X 0.0041 0.41 1040 - 1130 12.0 3.9± 1.3
83 1µ+1γ+4jets+X 0.0094 0.42 410 - 450 3.0 0.4± 0.2
84 1µ+/𝐸t+X 0.011 0.43 860 - 6580 3.0 10.7± 1.5
85 1µ+2γ+/𝐸t+X 0.049 0.44 250 - 260 1.0 0.04± 0.04
86 1e+1µ+1jet+X 0.0088 0.46 1350 - 1450 4.0 0.2± 0.6
87 3µ+2jets+/𝐸t+X 0.021 0.47 510 - 530 2.0 0.2± 0.07
88 1µ+1γ+2jets+X 0.0077 0.48 1070 - 1130 6.0 1.1± 0.8
89 2e+1γ+/𝐸t+X 0.023 0.48 670 - 690 1.0 0.02± 0.02
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Full list of the detailed scan of the inclusive combined mass distributions in all considered inclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 1e+2µ+1jet+X 0.01 0.5 480 - 540 8.0 2.6± 0.7
91 2µ+X 0.016 0.5 500 - 520 7.0 17.7± 3.2
92 2e+1µ+2jets+/𝐸t+X 0.026 0.51 1140 - 1170 1.0 0.03± 0.01
93 1µ+1γ+X 0.02 0.51 330 - 340 8.0 2.5± 1.3
94 1µ+1γ+2jets+/𝐸t+X 0.013 0.53 1450 - 1610 2.0 0.03± 0.2
95 1µ+1γ+3jets+/𝐸t+X 0.014 0.53 320 - 400 17.0 6.5± 3.1
96 1µ+6jets+/𝐸t+X 0.0078 0.53 630 - 660 2.0 10.2± 2.0
97 1e+/𝐸t+X 0.0051 0.54 170 - 180 2.5 · 103 1.6 · 103 ± 0.3 · 103
98 1e+2µ+/𝐸t+X 0.017 0.55 70 - 80 1.0 0.01± 0.01
99 3µ+3jets+/𝐸t+X 0.05 0.55 570 - 590 1.0 0.05± 0.02
100 1µ+1γ+1jet+/𝐸t+X 0.017 0.55 340 - 360 49.0 25.1± 9.0
101 1e+4jets+/𝐸t+X 0.0064 0.56 400 - 420 20.0 9.7± 1.6
102 2e+3jets+X 0.0029 0.56 1870 - 1900 5.0 0.2± 0.7
103 1e+1µ+4jets+/𝐸t+X 0.0097 0.57 630 - 660 1.0 7.3± 1.3
104 1e+1µ+/𝐸t+X 0.015 0.57 60 - 70 23.0 41.8± 6.3
105 4µ+1jet+X 0.036 0.57 390 - 400 1.0 0.04± 0.02
106 1e+1µ+1γ+1jet+X 0.026 0.57 660 - 800 2.0 0.2± 0.1
107 4e+X 0.035 0.6 290 - 370 3.0 0.7± 0.2
108 1µ+5jets+/𝐸t+X 0.0094 0.61 1980 - 2030 3.0 0.3± 0.2
109 3µ+1jet+/𝐸t+X 0.023 0.61 220 - 310 0.0 4.4± 1.1
110 1e+2γ+1jet+X 0.021 0.61 620 - 630 1.0 5.9 · 10−4 ± 258.7 · 10−4
111 1e+2γ+2jets+X 0.02 0.61 870 - 890 1.0 0.0± 0.03
112 2e+/𝐸t+X 0.016 0.61 30 - 40 28.0 14.1± 4.3
113 2µ+1jet+X 0.015 0.61 1130 - 1280 22.0 41.6± 6.9
114 3e+2jets+X 0.017 0.62 1150 - 1230 2.0 0.1± 0.1
115 2e+1µ+X 0.015 0.64 580 - 610 2.0 0.2± 0.06
116 1e+5jets+/𝐸t+X 0.009 0.64 520 - 580 33.0 18.7± 3.1
117 1e+1µ+3jets+X 0.0092 0.64 1060 - 1120 3.0 12.2± 2.5
118 1e+1µ+X 0.02 0.65 10 - 20 36.0 21.1± 4.7
119 1e+1µ+1jet+/𝐸t+X 0.016 0.66 50 - 160 0.0 4.8± 1.1
120 2µ+1jet+/𝐸t+X 0.016 0.67 990 - 1020 4.0 0.8± 0.4
121 2µ+2jets+X 0.014 0.67 150 - 170 1.0 10.8± 3.8
122 1e+1γ+/𝐸t+X 0.021 0.67 170 - 180 19.0 8.0± 3.7
123 1µ+5jets+X 0.0087 0.69 530 - 550 20.0 40.5± 6.5
124 2µ+6jets+/𝐸t+X 0.079 0.69 870 - 900 1.0 0.07± 0.06
125 2µ+2jets+/𝐸t+X 0.015 0.69 980 - 1410 10.0 24.0± 4.7
126 2µ+1γ+1jet+X 0.02 0.69 190 - 210 3.0 15.1± 5.0
127 2e+1γ+2jets+/𝐸t+X 0.097 0.69 630 - 650 1.0 0.06± 0.1
128 1µ+1γ+5jets+/𝐸t+X 0.14 0.7 700 - 730 1.0 0.2± 0.07
129 2µ+4jets+X 0.0065 0.7 1780 - 1900 7.0 1.3± 1.0
130 2µ+5jets+/𝐸t+X 0.021 0.71 2050 - 2100 1.0 0.0± 0.03
131 2µ+4jets+/𝐸t+X 0.019 0.74 490 - 510 9.0 3.5± 0.9
132 1e+2µ+2jets+X 0.031 0.74 330 - 350 2.0 0.2± 0.1
133 2e+4jets+/𝐸t+X 0.02 0.75 710 - 740 8.0 2.9± 0.8
134 3µ+/𝐸t+X 0.03 0.75 620 - 640 1.0 0.03± 0.02
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Full list of the detailed scan of the inclusive combined mass distributions in all considered inclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
135 1µ+6jets+X 0.01 0.75 1500 - 2020 20.0 56.7± 14.7
136 1e+8jets+X 0.039 0.76 2050 - 2130 2.0 0.3± 0.1
137 1e+2µ+X 0.029 0.76 370 - 550 1.0 7.6± 2.5
138 2e+1µ+1jet+/𝐸t+X 0.039 0.76 440 - 640 0.0 3.6± 0.9
139 1e+1γ+2jets+X 0.016 0.76 1080 - 1100 5.0 0.9± 0.8
140 1e+2µ+1jet+/𝐸t+X 0.04 0.76 230 - 310 0.0 3.6± 0.9
141 2e+6jets+X 0.029 0.77 1450 - 1630 2.0 0.2± 0.1
142 3e+1jet+/𝐸t+X 0.042 0.77 440 - 500 5.0 1.7± 0.6
143 1µ+7jets+X 0.012 0.78 1660 - 2300 2.0 12.4± 3.6
144 2e+1µ+2jets+X 0.038 0.79 540 - 580 3.0 0.7± 0.2
145 1e+1γ+5jets+/𝐸t+X 0.054 0.79 1080 - 1110 1.0 2.0 · 10−4 ± 704.2 · 10−4
146 1e+6jets+/𝐸t+X 0.018 0.8 960 - 1140 6.0 16.6± 3.5
147 1e+2µ+2jets+/𝐸t+X 0.074 0.82 250 - 590 0.0 2.9± 0.7
148 3µ+X 0.03 0.82 440 - 450 2.0 0.3± 0.08
149 2e+5jets+/𝐸t+X 0.04 0.83 550 - 570 2.0 0.3± 0.1
150 1µ+3jets+/𝐸t+X 0.012 0.83 1710 - 1810 6.0 1.3± 0.8
151 2µ+3jets+/𝐸t+X 0.02 0.84 910 - 940 0.0 5.0± 1.5
152 1e+7jets+X 0.017 0.84 1030 - 1240 0.0 4.5± 0.9
153 1e+1µ+5jets+/𝐸t+X 0.039 0.85 760 - 820 5.0 1.8± 0.4
154 1e+1µ+3jets+/𝐸t+X 0.026 0.86 1140 - 1170 4.0 1.0± 0.3
155 1e+1γ+1jet+/𝐸t+X 0.027 0.86 580 - 600 6.0 1.2± 1.3
156 1e+2µ+3jets+X 0.053 0.86 900 - 920 1.0 0.04± 0.05
157 1µ+1γ+/𝐸t+X 0.046 0.86 200 - 210 42.0 24.1± 8.6
158 1µ+2γ+X 0.12 0.87 180 - 190 1.0 0.06± 0.1
159 1e+2jets+/𝐸t+X 0.011 0.88 1860 - 2220 9.0 1.9± 1.7
160 2µ+/𝐸t+X 0.038 0.88 430 - 490 10.0 20.5± 4.0
161 2e+7jets+X 0.04 0.89 1440 - 1470 1.0 0.0± 0.05
162 1e+1µ+2jets+X 0.027 0.9 410 - 430 83.0 124.0± 18.5
163 2µ+3jets+X 0.023 0.91 250 - 290 2.0 10.5± 3.2
164 1e+3jets+/𝐸t+X 0.012 0.93 1550 - 1590 6.0 1.3± 0.9
165 1µ+2jets+/𝐸t+X 0.0037 0.93 1290 - 1500 62.0 124.0± 21.2
166 2e+1µ+1jet+X 0.037 0.94 1040 - 1060 1.0 0.04± 0.02
167 1e+1µ+5jets+X 0.045 0.94 2810 - 2860 1.0 1.7 · 10−4 ± 577.8 · 10−4
168 1e+6jets+X 0.022 0.94 1730 - 1770 6.0 1.7± 0.8
169 2µ+6jets+X 0.1 0.95 970 - 1000 1.0 0.1± 0.07
170 1e+4jets+X 0.022 0.96 2460 - 2540 7.0 1.7± 1.4
171 1e+1jet+X 0.0012 0.97 760 - 780 1.2 · 103 487.5± 247.9
172 1µ+2jets+X 0.0057 0.97 2190 - 2840 14.0 49.2± 12.9
173 1e+1µ+2jets+/𝐸t+X 0.056 0.98 920 - 1070 7.0 14.8± 3.0
174 1e+5jets+X 0.023 0.98 1630 - 1770 37.0 20.3± 6.1
175 2e+4jets+X 0.026 0.99 670 - 690 15.0 7.1± 2.1
176 4µ+X 0.15 0.99 300 - 310 1.0 0.2± 0.06
177 1e+3jets+X 0.01 0.99 330 - 350 419.0 304.1± 45.5
178 1µ+1jet+/𝐸t+X 0.005 1.0 690 - 750 532.0 743.4± 78.4
179 1e+1jet+/𝐸t+X 0.018 1.0 1420 - 1680 6.0 22.2± 6.8
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Full list of the detailed scan of the inclusive combined mass distributions in all considered inclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
180 2e+1jet+X 0.025 1.0 1100 - 1160 12.0 25.3± 4.9
181 1e+1γ+1jet+X 0.14 1.0 1120 - 1240 1.0 4.8± 2.6
182 1e+2jets+X 0.036 1.0 980 - 1010 834.0 488.8± 189.4
183 2e+2jets+X 0.014 1.0 1220 - 1250 13.0 28.7± 5.3
184 1e+1γ+X 0.053 1.0 440 - 470 1.0 8.7± 4.4
185 2e+X 0.022 1.0 530 - 550 6.0 14.9± 2.5
186 1µ+3jets+X 0.094 1.0 200 - 220 45.0 63.8± 11.6
187 1µ+1jet+X 0.1 1.0 1550 - 1800 12.0 24.1± 7.9
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C.2.3 Missing Transverse Energy
C.2.3.1 Exclusive Event Classes
Table C.7: Full list of the detailed scan of the exclusive /𝐸t distributions in all considered exclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1µ+1γ+1jet+/𝐸t 1.11 · 10−4 7.00 · 10−4 220 - 250 1.0 0.0± 1.4 · 10−4
2 2e+6jets+/𝐸t 9.91 · 10−5 0.0022 170 - 200 2.0 0.009± 0.009
3 1e+1µ+1γ+3jets+/𝐸t 6.10 · 10−4 0.0039 100 - 160 2.0 0.03± 0.02
4 1e+1µ+1γ+/𝐸t 0.0014 0.015 290 - 330 1.0 0.0± 0.002
5 1µ+2γ+2jets+/𝐸t 0.0059 0.028 180 - 210 1.0 0.0± 0.007
6 1e+2jets+/𝐸t 1.80 · 10−5 0.034 490 - 570 9.0 0.3± 0.7
7 4e+/𝐸t 0.027 0.04 50 - 80 1.0 0.03± 0.02
8 1e+1γ+5jets+/𝐸t 0.0037 0.055 220 - 250 1.0 0.0± 0.005
9 2e+2µ+/𝐸t 0.045 0.063 50 - 80 1.0 0.05± 0.02
10 1e+1µ+1γ+2jets+/𝐸t 0.0047 0.064 80 - 110 3.0 0.3± 0.1
11 1e+8jets+/𝐸t 0.007 0.071 220 - 250 1.0 4.0 · 10−4 ± 86.6 · 10−4
12 2µ+1γ+1jet+/𝐸t 0.012 0.1 220 - 250 1.0 0.007± 0.01
13 1e+/𝐸t 0.0016 0.1 150 - 180 866.0 615.1± 80.3
14 2e+1µ+3jets+/𝐸t 0.013 0.11 310 - 370 1.0 0.01± 0.009
15 2e+7jets+/𝐸t 0.025 0.11 50 - 80 1.0 0.02± 0.02
16 2e+1γ+/𝐸t 0.017 0.12 100 - 130 3.0 0.4± 0.3
17 1e+1µ+7jets+/𝐸t 0.027 0.12 90 - 120 1.0 0.02± 0.02
18 1e+1jet+/𝐸t 2.41 · 10−4 0.14 330 - 410 50.0 20.0± 5.8
19 3e+3jets+/𝐸t 0.051 0.16 60 - 120 2.0 0.3± 0.1
20 1µ+1γ+6jets+/𝐸t 0.072 0.18 50 - 80 1.0 0.07± 0.04
21 1µ+1γ+4jets+/𝐸t 0.015 0.18 190 - 220 2.0 0.2± 0.1
22 3µ+1jet+/𝐸t 0.011 0.18 390 - 450 1.0 0.008± 0.009
23 1e+7jets+/𝐸t 0.013 0.26 50 - 80 0.0 5.1± 1.3
24 1e+1γ+4jets+/𝐸t 0.027 0.26 130 - 160 2.0 0.2± 0.2
25 2e+1γ+1jet+/𝐸t 0.037 0.26 90 - 120 3.0 0.6± 0.4
26 1µ+1γ+5jets+/𝐸t 0.048 0.28 260 - 290 1.0 0.02± 0.05
27 1e+1µ+4jets+/𝐸t 0.01 0.3 210 - 240 6.0 1.7± 0.4
28 1µ+1γ+3jets+/𝐸t 0.016 0.33 50 - 80 35.0 16.6± 6.5
29 1e+1γ+/𝐸t 0.025 0.36 210 - 290 3.0 0.4± 0.4
30 1e+3jets+/𝐸t 0.003 0.39 330 - 390 15.0 4.2± 2.2
31 2µ+4jets+/𝐸t 0.015 0.4 160 - 1070 2.0 9.2± 1.9
32 1e+1µ+6jets+/𝐸t 0.069 0.41 200 - 230 1.0 0.07± 0.04
33 2e+2jets+/𝐸t 0.021 0.41 370 - 430 2.0 0.1± 0.2
34 1e+1µ+5jets+/𝐸t 0.031 0.5 280 - 350 2.0 0.3± 0.1
35 1µ+9jets+/𝐸t 0.19 0.5 110 - 140 1.0 0.2± 0.1
36 1µ+8jets+/𝐸t 0.063 0.52 90 - 140 4.0 1.3± 0.5
37 2e+/𝐸t 0.031 0.52 160 - 200 16.0 7.9± 2.4
38 3µ+3jets+/𝐸t 0.23 0.53 60 - 90 1.0 0.3± 0.09
39 1µ+/𝐸t 0.019 0.55 260 - 310 35.0 56.9± 7.9
40 3e+/𝐸t 0.07 0.55 50 - 80 21.0 12.9± 3.4
41 1e+1γ+3jets+/𝐸t 0.056 0.56 140 - 210 5.0 1.7± 0.8
42 2e+1µ+/𝐸t 0.066 0.57 70 - 100 2.0 6.7± 1.6
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered exclusive event classes in 2011.
The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated
in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
43 1e+4jets+/𝐸t 0.015 0.58 300 - 350 9.0 3.2± 1.1
44 1e+1γ+2jets+/𝐸t 0.052 0.58 130 - 170 8.0 2.8± 1.9
45 2µ+/𝐸t 0.041 0.61 290 - 410 3.0 0.5± 0.5
46 1e+1µ+2jets+/𝐸t 0.036 0.65 220 - 260 3.0 9.0± 1.6
47 2µ+1γ+/𝐸t 0.18 0.65 80 - 110 2.0 0.7± 0.4
48 2e+5jets+/𝐸t 0.064 0.66 90 - 140 0.0 3.0± 0.7
49 1µ+4jets+/𝐸t 0.022 0.67 250 - 280 36.0 21.1± 4.8
50 1µ+1jet+/𝐸t 0.011 0.68 280 - 330 207.0 300.1± 37.6
51 2e+1jet+/𝐸t 0.047 0.68 180 - 220 28.0 17.7± 3.7
52 1µ+1γ+2jets+/𝐸t 0.057 0.7 310 - 430 3.0 0.04± 0.8
53 3e+1jet+/𝐸t 0.098 0.71 60 - 90 7.0 3.5± 1.1
54 1µ+3jets+/𝐸t 0.021 0.72 370 - 490 14.0 37.3± 10.2
55 1e+5jets+/𝐸t 0.038 0.73 210 - 240 12.0 5.1± 2.3
56 1e+2µ+/𝐸t 0.11 0.73 80 - 120 1.0 4.2± 1.0
57 1µ+6jets+/𝐸t 0.038 0.73 120 - 150 9.0 19.1± 3.9
58 2µ+1jet+/𝐸t 0.054 0.74 250 - 350 8.0 3.8± 0.9
59 1e+6jets+/𝐸t 0.049 0.75 170 - 220 0.0 3.3± 0.8
60 1e+1γ+1jet+/𝐸t 0.058 0.76 330 - 390 1.0 0.006± 0.07
61 2e+1µ+2jets+/𝐸t 0.16 0.78 70 - 160 0.0 2.0± 0.5
62 1µ+5jets+/𝐸t 0.032 0.78 390 - 730 1.0 9.8± 4.3
63 1e+2µ+2jets+/𝐸t 0.17 0.79 50 - 1190 1.0 3.4± 0.8
64 2e+1µ+1jet+/𝐸t 0.11 0.79 90 - 1070 1.0 4.2± 1.0
65 1µ+2jets+/𝐸t 0.016 0.8 370 - 450 61.0 33.7± 10.4
66 1e+1µ+3jets+/𝐸t 0.06 0.82 150 - 180 11.0 19.6± 3.2
67 2µ+2jets+/𝐸t 0.063 0.84 200 - 240 6.0 12.8± 2.5
68 1µ+1γ+1jet+/𝐸t 0.098 0.85 140 - 170 18.0 10.6± 4.0
69 1µ+7jets+/𝐸t 0.081 0.85 80 - 210 7.0 14.9± 4.0
70 2e+4jets+/𝐸t 0.074 0.85 70 - 100 23.0 15.1± 3.0
71 2µ+6jets+/𝐸t 0.19 0.85 60 - 450 0.0 1.8± 0.6
72 3e+2jets+/𝐸t 0.23 0.87 50 - 1070 1.0 3.1± 1.0
73 3µ+/𝐸t 0.16 0.88 100 - 130 0.0 2.0± 0.5
74 1e+1µ+1jet+/𝐸t 0.086 0.89 230 - 260 1.0 5.0± 1.7
75 1µ+1γ+/𝐸t 0.12 0.9 170 - 950 1.0 4.8± 2.1
76 3µ+2jets+/𝐸t 0.23 0.9 140 - 170 1.0 0.3± 0.08
77 2e+3jets+/𝐸t 0.093 0.91 490 - 550 1.0 0.03± 0.1
78 2µ+5jets+/𝐸t 0.14 0.94 70 - 140 3.0 6.6± 1.4
79 1e+1µ+/𝐸t 0.14 0.96 220 - 250 3.0 1.0± 0.8
80 1e+2µ+1jet+/𝐸t 0.26 0.99 90 - 150 1.0 2.8± 0.7
81 2µ+3jets+/𝐸t 0.15 0.99 80 - 120 91.0 113.8± 18.9
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C.2.3.2 Inclusive Event Classes
Table C.8: Full list of the detailed scan of the inclusive /𝐸t distributions in all considered inclusive event
classes in 2011. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1e+1µ+1γ+2jets+/𝐸t+X 3.23 · 10−4 0.0045 80 - 160 5.0 0.5± 0.2
2 2e+1µ+1γ+1jet+/𝐸t+X 0.0015 0.005 220 - 250 1.0 0.0± 0.002
3 2e+6jets+/𝐸t+X 3.70 · 10−4 0.0057 170 - 200 2.0 0.01± 0.02
4 2e+1µ+1γ+/𝐸t+X 0.0017 0.0057 220 - 250 1.0 0.0± 0.002
5 1e+1µ+1γ+3jets+/𝐸t+X 9.24 · 10−4 0.0078 100 - 160 2.0 0.04± 0.02
6 1µ+2γ+2jets+/𝐸t+X 0.0065 0.031 180 - 210 1.0 0.0± 0.008
7 1e+2jets+/𝐸t+X 1.71 · 10−5 0.048 470 - 530 11.0 1.1± 0.8
8 1µ+2γ+1jet+/𝐸t+X 0.01 0.057 200 - 230 1.0 0.006± 0.01
9 1e+1γ+5jets+/𝐸t+X 0.0037 0.061 220 - 250 1.0 0.0± 0.005
10 4e+/𝐸t+X 0.043 0.085 50 - 80 1.0 0.04± 0.02
11 1e+1µ+1γ+/𝐸t+X 0.007 0.095 100 - 300 6.0 1.3± 0.6
12 2e+1γ+/𝐸t+X 0.0099 0.11 100 - 130 5.0 1.0± 0.5
13 2e+1µ+3jets+/𝐸t+X 0.013 0.11 310 - 370 1.0 0.01± 0.009
14 1e+8jets+/𝐸t+X 0.013 0.12 220 - 250 1.0 0.006± 0.01
15 2e+7jets+/𝐸t+X 0.026 0.12 50 - 80 1.0 0.02± 0.02
16 1e+1µ+1γ+1jet+/𝐸t+X 0.011 0.12 80 - 230 6.0 1.5± 0.6
17 1e+1µ+7jets+/𝐸t+X 0.027 0.13 90 - 120 1.0 0.02± 0.02
18 1µ+1γ+4jets+/𝐸t+X 0.0089 0.13 190 - 280 3.0 0.3± 0.2
19 1µ+2γ+/𝐸t+X 0.024 0.14 200 - 230 1.0 0.006± 0.03
20 2e+2µ+/𝐸t+X 0.088 0.15 50 - 80 1.0 0.09± 0.04
21 2µ+1γ+1jet+/𝐸t+X 0.017 0.18 230 - 260 1.0 0.01± 0.02
22 1e+1µ+4jets+/𝐸t+X 0.0056 0.19 280 - 350 5.0 1.0± 0.3
23 1e+1γ+3jets+/𝐸t+X 0.0098 0.21 130 - 230 10.0 3.1± 1.4
24 1µ+1γ+6jets+/𝐸t+X 0.12 0.23 50 - 80 1.0 0.1± 0.06
25 3e+3jets+/𝐸t+X 0.077 0.23 60 - 120 2.0 0.4± 0.1
26 1e+1γ+4jets+/𝐸t+X 0.023 0.24 110 - 140 3.0 0.5± 0.3
27 1e+1γ+2jets+/𝐸t+X 0.01 0.24 130 - 170 14.0 4.6± 2.4
28 1e+1µ+3jets+/𝐸t+X 0.0081 0.25 330 - 410 5.0 1.1± 0.3
29 1µ+1γ+5jets+/𝐸t+X 0.048 0.26 260 - 290 1.0 0.02± 0.05
30 2µ+4jets+/𝐸t+X 0.0084 0.27 200 - 470 0.0 5.7± 1.3
31 2µ+1γ+/𝐸t+X 0.026 0.27 230 - 260 1.0 0.02± 0.02
32 1e+3jets+/𝐸t+X 0.002 0.3 450 - 530 7.0 1.2± 0.7
33 3µ+1jet+/𝐸t+X 0.021 0.32 390 - 450 1.0 0.02± 0.01
34 2e+1µ+/𝐸t+X 0.021 0.32 80 - 160 4.0 13.2± 3.2
35 1e+1γ+/𝐸t+X 0.015 0.33 280 - 350 3.0 0.4± 0.3
36 2e+1µ+2jets+/𝐸t+X 0.039 0.35 310 - 370 1.0 0.04± 0.02
37 1e+1µ+2jets+/𝐸t+X 0.016 0.38 260 - 410 21.0 10.9± 2.3
38 3µ+/𝐸t+X 0.027 0.41 390 - 450 1.0 0.03± 0.01
39 2e+1γ+1jet+/𝐸t+X 0.088 0.45 90 - 230 4.0 1.5± 0.7
40 1e+1µ+6jets+/𝐸t+X 0.072 0.46 200 - 230 1.0 0.07± 0.05
41 1µ+9jets+/𝐸t+X 0.2 0.49 110 - 140 1.0 0.2± 0.1
42 1µ+8jets+/𝐸t+X 0.057 0.5 90 - 140 5.0 1.8± 0.8
43 1e+5jets+/𝐸t+X 0.019 0.51 220 - 250 16.0 6.8± 2.6
44 2e+2jets+/𝐸t+X 0.028 0.51 370 - 510 3.0 0.6± 0.3
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Full list of the detailed scan of the inclusive /𝐸t distributions in all considered inclusive event classes in 2011.
The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated
in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1µ+1γ+3jets+/𝐸t+X 0.035 0.51 50 - 80 40.0 21.4± 8.3
46 1e+1µ+1jet+/𝐸t+X 0.028 0.54 260 - 410 27.0 15.8± 3.3
47 2e+5jets+/𝐸t+X 0.042 0.54 90 - 140 0.0 3.5± 0.8
48 1e+2µ+2jets+/𝐸t+X 0.076 0.56 50 - 1190 1.0 4.7± 1.2
49 3e+/𝐸t+X 0.055 0.56 50 - 80 31.0 19.2± 5.1
50 1µ+/𝐸t+X 0.01 0.58 450 - 790 54.0 99.7± 17.8
51 1e+1µ+5jets+/𝐸t+X 0.039 0.58 280 - 350 2.0 0.3± 0.1
52 1e+2µ+/𝐸t+X 0.051 0.59 80 - 150 4.0 10.8± 2.5
53 1e+1µ+/𝐸t+X 0.038 0.61 280 - 410 19.0 10.6± 2.6
54 1e+7jets+/𝐸t+X 0.054 0.62 150 - 180 3.0 0.8± 0.2
55 2e+1µ+1jet+/𝐸t+X 0.061 0.63 330 - 390 1.0 0.06± 0.03
56 1µ+1jet+/𝐸t+X 0.013 0.63 450 - 750 50.0 92.8± 17.2
57 3µ+3jets+/𝐸t+X 0.29 0.64 60 - 90 1.0 0.3± 0.1
58 1µ+3jets+/𝐸t+X 0.015 0.65 410 - 490 12.0 35.2± 9.6
59 1µ+5jets+/𝐸t+X 0.022 0.65 350 - 1610 2.0 12.7± 4.6
60 1e+1γ+1jet+/𝐸t+X 0.047 0.66 120 - 190 32.0 15.3± 8.2
61 1e+4jets+/𝐸t+X 0.022 0.67 300 - 350 14.0 5.9± 2.3
62 2µ+6jets+/𝐸t+X 0.15 0.71 60 - 450 0.0 2.1± 0.7
63 3e+1jet+/𝐸t+X 0.09 0.73 60 - 90 9.0 4.8± 1.4
64 2µ+2jets+/𝐸t+X 0.047 0.75 250 - 330 4.0 10.6± 2.3
65 2µ+5jets+/𝐸t+X 0.074 0.78 70 - 990 5.0 11.2± 2.5
66 1e+2µ+1jet+/𝐸t+X 0.092 0.79 90 - 1190 2.0 6.1± 1.5
67 2e+1jet+/𝐸t+X 0.063 0.8 330 - 390 5.0 1.7± 0.9
68 1e+1jet+/𝐸t+X 0.029 0.81 270 - 300 129.0 188.2± 28.4
69 1µ+6jets+/𝐸t+X 0.052 0.81 70 - 100 43.0 67.7± 12.9
70 2e+/𝐸t+X 0.065 0.81 50 - 80 9.4 · 103 7.8 · 103 ± 1.0 · 103
71 1µ+1γ+2jets+/𝐸t+X 0.084 0.82 180 - 230 10.0 5.0± 2.1
72 2e+4jets+/𝐸t+X 0.068 0.83 90 - 120 7.0 14.1± 2.9
73 1µ+1γ+/𝐸t+X 0.081 0.83 260 - 300 4.0 1.0± 1.0
74 2µ+/𝐸t+X 0.068 0.85 330 - 410 6.0 2.6± 0.8
75 1µ+1γ+1jet+/𝐸t+X 0.11 0.89 260 - 290 3.0 0.8± 0.7
76 2µ+3jets+/𝐸t+X 0.09 0.92 250 - 890 2.0 6.3± 1.6
77 2e+3jets+/𝐸t+X 0.096 0.93 450 - 510 1.0 0.05± 0.1
78 1µ+7jets+/𝐸t+X 0.11 0.93 190 - 220 3.0 1.1± 0.4
79 1µ+4jets+/𝐸t+X 0.082 0.95 410 - 470 4.0 12.6± 5.1
80 1e+/𝐸t+X 0.073 0.95 270 - 300 175.0 227.3± 32.7
81 1µ+2jets+/𝐸t+X 0.063 0.97 430 - 670 43.0 69.7± 15.4
82 1e+6jets+/𝐸t+X 0.13 0.98 150 - 180 8.0 4.6± 1.4
83 2µ+1jet+/𝐸t+X 0.24 1.0 200 - 240 28.0 34.7± 6.0
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C.3 Event Classes with Lepton Charges
C.3.1 Sum of Transverse Momenta
C.3.1.1 Exclusive Event Classes
Table C.9: Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes
in 2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2µ[2Q] 7.77 · 10−7 2.70 · 10−5 40 - 90 81.0 25.0± 8.5
2 2e+1γ+3jets[0Q] 5.26 · 10−6 1.02 · 10−4 460 - 780 4.0 0.08± 0.04
3 1e+1µ+1γ+3jets+/𝐸t[0Q] 3.62 · 10−5 5.70 · 10−4 630 - 710 2.0 6.0 · 10−4 ± 83.1 · 10−4
4 2µ+4jets+/𝐸t[2Q] 7.38 · 10−5 0.0015 590 - 660 3.0 0.07± 0.03
5 2µ+1γ+3jets[0Q] 8.49 · 10−5 0.0021 560 - 620 2.0 0.007± 0.01
6 2e+1µ+3jets[1Q] 5.61 · 10−4 0.0079 530 - 710 3.0 0.1± 0.04
7 1e+1µ+6jets+/𝐸t[0Q] 1.86 · 10−4 0.0085 810 - 900 3.0 0.06± 0.07
8 3e+1jet[3Q] 8.27 · 10−4 0.0095 570 - 600 1.0 0.0± 0.001
9 2µ+/𝐸t[2Q] 4.26 · 10−4 0.012 90 - 130 12.0 3.2± 0.7
10 2e+1µ+1γ+1jet+/𝐸t[1Q] 0.0021 0.014 810 - 870 1.0 4.3 · 10−4 ± 24.9 · 10−4
11 1e+2γ+3jets 0.0016 0.019 740 - 800 1.0 6.8 · 10−5 ± 200.0 · 10−5
12 1e+4jets 8.40 · 10−5 0.02 300 - 400 243.0 128.9± 26.3
13 1e+2µ+1γ[1Q] 0.0014 0.02 260 - 290 2.0 0.04± 0.03
14 2e+1µ+1jet[3Q] 0.0039 0.027 300 - 330 1.0 0.001± 0.004
15 2µ+1jet[2Q] 9.71 · 10−4 0.029 140 - 240 19.0 6.9± 1.6
16 2e+1γ+1jet[2Q] 7.61 · 10−4 0.029 210 - 250 4.0 0.3± 0.2
17 3µ+3jets[1Q] 0.0021 0.03 370 - 430 2.0 0.06± 0.02
18 1µ+2γ+2jets+/𝐸t 0.0038 0.03 510 - 570 1.0 1.6 · 10−5 ± 477.1 · 10−5
19 2e+1γ+1jet+/𝐸t[0Q] 0.0014 0.033 560 - 760 3.0 0.2± 0.1
20 2e+2µ+/𝐸t[0Q] 0.0074 0.038 190 - 220 1.0 0.005± 0.007
21 4e+/𝐸t[0Q] 0.0076 0.039 220 - 250 1.0 0.005± 0.007
22 2e+5jets[2Q] 0.0037 0.043 1070 - 1160 1.0 10.0 · 10−8 ± 467704.0 · 10−8
23 2e+1γ+2jets[2Q] 0.0042 0.044 710 - 770 1.0 4.2 · 10−4 ± 50.4 · 10−4
24 1µ+2γ+2jets 0.0058 0.049 230 - 260 1.0 3.6 · 10−5 ± 725.6 · 10−5
25 1e+1µ+2jets[2Q] 9.19 · 10−4 0.05 320 - 350 8.0 1.0± 0.9
26 3e+4jets[1Q] 0.008 0.053 780 - 840 1.0 0.006± 0.006
27 1e+1µ+/𝐸t[2Q] 0.0015 0.055 140 - 170 38.0 13.8± 5.9
28 1e+1µ+1γ+2jets+/𝐸t[0Q] 0.0038 0.056 390 - 450 2.0 0.07± 0.05
29 2e+1γ+2jets+/𝐸t[2Q] 0.0086 0.06 630 - 690 1.0 0.007± 0.007
30 1e+1µ+4jets+/𝐸t[2Q] 0.0046 0.062 960 - 1110 2.0 0.09± 0.05
31 2e+2γ[0Q] 0.0053 0.063 290 - 320 1.0 0.003± 0.005
32 1e+9jets 0.0041 0.078 1000 - 1090 1.0 0.0± 0.005
33 2e+1γ+2jets[0Q] 0.0011 0.082 310 - 340 3.0 0.07± 0.1
34 2e+4jets+/𝐸t[2Q] 0.0026 0.084 490 - 740 5.0 0.7± 0.4
35 2µ+1γ+/𝐸t[2Q] 0.017 0.085 210 - 240 1.0 0.02± 0.01
36 1e+1γ+4jets 0.0013 0.086 750 - 870 3.0 0.07± 0.2
37 1µ+1γ+6jets+/𝐸t 0.0082 0.086 750 - 840 1.0 0.006± 0.007
38 1µ+8jets+/𝐸t 0.0039 0.088 2210 - 2360 1.0 5.4 · 10−6 ± 4856.3 · 10−6
39 1µ+1jet+/𝐸t 0.0018 0.089 660 - 750 398.0 586.2± 60.9
40 2e+3jets+/𝐸t[2Q] 0.0034 0.091 830 - 1130 4.0 0.4± 0.3
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
41 3e+3jets+/𝐸t[1Q] 0.0095 0.091 510 - 630 2.0 0.1± 0.05
42 1e+1µ+1γ+/𝐸t[0Q] 0.0068 0.092 400 - 660 2.0 0.09± 0.08
43 1µ+9jets+/𝐸t 0.004 0.095 580 - 670 1.0 0.0± 0.005
44 1e+1µ+1γ[0Q] 0.0083 0.12 90 - 120 3.0 0.3± 0.2
45 2e+1µ+3jets+/𝐸t[1Q] 0.012 0.12 1130 - 1220 1.0 0.01± 0.008
46 3e+1γ[1Q] 0.013 0.13 350 - 380 1.0 0.01± 0.01
47 1µ+1γ+4jets+/𝐸t 0.0047 0.13 2140 - 2290 1.0 0.0± 0.006
48 2e+7jets+/𝐸t[0Q] 0.026 0.14 870 - 960 1.0 0.005± 0.03
49 2µ+3jets+/𝐸t[2Q] 0.011 0.14 320 - 380 2.0 0.1± 0.07
50 2µ+1jet+/𝐸t[0Q] 0.0031 0.14 930 - 1020 5.0 0.7± 0.4
51 1e+1µ+5jets[2Q] 0.015 0.15 590 - 650 1.0 0.006± 0.02
52 1e+1γ+3jets+/𝐸t 0.0041 0.16 620 - 740 11.0 3.0± 1.4
53 2e+2µ[0Q] 0.0089 0.18 240 - 270 3.0 0.4± 0.1
54 1e+1γ+5jets 0.014 0.18 1250 - 1340 1.0 1.7 · 10−4 ± 183.0 · 10−4
55 2µ+5jets[0Q] 0.0019 0.18 810 - 910 6.0 0.9± 0.5
56 1e+1µ+1jet[2Q] 0.0061 0.19 230 - 270 15.0 5.4± 2.0
57 3µ+1jet[1Q] 0.0068 0.19 200 - 360 1.0 9.4± 2.4
58 2e+1γ[0Q] 0.0016 0.19 340 - 390 3.0 0.01± 0.2
59 1e+1µ[0Q] 0.0066 0.2 310 - 370 0.0 6.7± 1.9
60 2µ+1γ+1jet+/𝐸t[0Q] 0.012 0.2 270 - 330 4.0 0.7± 0.3
61 1µ+7jets 0.0031 0.2 810 - 1010 0.0 11.6± 3.9
62 2µ+1jet+/𝐸t[2Q] 0.0099 0.2 300 - 380 7.0 2.1± 0.5
63 3e+2jets[1Q] 0.0077 0.21 310 - 360 4.0 0.5± 0.4
64 1e+1µ+1γ+1jet[2Q] 0.02 0.21 380 - 410 1.0 0.02± 0.01
65 2e+2µ+1jet[0Q] 0.019 0.21 520 - 550 1.0 0.02± 0.01
66 1µ+2jets+/𝐸t 5.87 · 10−4 0.23 1250 - 1810 48.0 124.1± 22.0
67 3µ+2jets[1Q] 0.014 0.23 250 - 280 2.0 0.2± 0.05
68 1e+1µ+7jets+/𝐸t[0Q] 0.04 0.24 1020 - 1110 1.0 0.03± 0.03
69 1e+1γ+/𝐸t 0.0053 0.24 330 - 390 8.0 1.7± 1.1
70 2e[0Q] 9.58 · 10−4 0.24 890 - 940 5.0 0.6± 0.2
71 1e+7jets+/𝐸t 0.0082 0.25 1520 - 1680 3.0 0.3± 0.2
72 3e+1jet+/𝐸t[1Q] 0.014 0.26 460 - 540 4.0 0.8± 0.2
73 1µ+1γ+3jets 0.0049 0.27 480 - 640 12.0 3.2± 1.8
74 2e+1jet[0Q] 0.0018 0.27 620 - 680 36.0 74.4± 11.1
75 2µ+1γ+/𝐸t[0Q] 0.027 0.28 350 - 510 2.0 0.2± 0.2
76 2e+/𝐸t[0Q] 0.0077 0.28 240 - 290 132.0 86.3± 15.2
77 1µ+1γ+5jets 0.039 0.28 670 - 730 1.0 0.03± 0.03
78 1µ+6jets+/𝐸t 0.0053 0.28 1050 - 1170 4.0 20.8± 5.7
79 2e+6jets[0Q] 0.0067 0.29 850 - 910 3.0 0.02± 0.3
80 1µ+1γ+1jet 0.0076 0.29 560 - 620 4.0 0.07± 0.6
81 1µ+1γ+4jets 0.017 0.3 300 - 350 2.0 0.05± 0.2
82 2e+1µ[3Q] 0.11 0.3 110 - 140 1.0 0.1± 0.05
83 2µ+1γ+2jets[0Q] 0.0072 0.31 460 - 700 5.0 0.7± 0.6
84 2e+1µ+/𝐸t[1Q] 0.013 0.31 270 - 520 0.0 5.1± 1.2
85 1µ+1γ+2jets+/𝐸t 0.01 0.31 830 - 950 6.0 0.6± 1.2
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
86 1µ+/𝐸t 0.01 0.31 490 - 6580 82.0 127.4± 16.8
87 1e+1jet+/𝐸t 0.002 0.32 740 - 880 212.0 347.7± 44.5
88 1e+2γ 0.039 0.35 220 - 310 2.0 0.08± 0.3
89 2e+4jets[2Q] 0.014 0.36 530 - 590 2.0 0.1± 0.1
90 1e+6jets+/𝐸t 0.0083 0.36 960 - 1140 3.0 12.3± 2.5
91 1e+1µ+5jets[0Q] 0.02 0.39 450 - 530 3.0 0.5± 0.2
92 1e+2γ+1jet 0.036 0.39 310 - 340 1.0 0.02± 0.04
93 2e+1γ+/𝐸t[0Q] 0.046 0.4 140 - 170 2.0 0.3± 0.2
94 2µ+4jets+/𝐸t[0Q] 0.0089 0.4 490 - 550 19.0 9.2± 1.7
95 1e+1µ+3jets[2Q] 0.024 0.4 560 - 620 2.0 0.2± 0.2
96 3e+/𝐸t[1Q] 0.02 0.4 190 - 220 11.0 4.7± 1.2
97 1e+1µ+3jets[0Q] 0.011 0.43 620 - 820 3.0 11.3± 2.1
98 2e[2Q] 0.0093 0.43 390 - 450 4.0 0.1± 0.6
99 2e+1µ[1Q] 0.022 0.45 520 - 550 1.0 0.02± 0.01
100 2e+1γ+1jet[0Q] 0.012 0.46 310 - 420 1.0 14.2± 5.6
101 1e+1γ+2jets 0.013 0.46 1020 - 1700 5.0 0.7± 0.8
102 2e+6jets+/𝐸t[0Q] 0.068 0.46 560 - 630 1.0 0.07± 0.04
103 1e+1µ+4jets[2Q] 0.075 0.47 410 - 470 1.0 0.07± 0.05
104 2e+1jet+/𝐸t[2Q] 0.013 0.48 210 - 300 57.0 28.2± 10.7
105 2µ+2jets[0Q] 0.009 0.49 800 - 920 33.0 60.5± 9.3
106 1e+1γ+2jets+/𝐸t 0.015 0.49 460 - 580 21.0 8.8± 3.8
107 1e+1µ+4jets+/𝐸t[0Q] 0.013 0.5 690 - 1140 15.0 32.0± 5.8
108 2e+1µ+1jet+/𝐸t[1Q] 0.03 0.5 400 - 3970 0.0 4.0± 1.0
109 4µ+1jet[0Q] 0.11 0.5 290 - 320 1.0 0.1± 0.05
110 2µ+2jets+/𝐸t[2Q] 0.048 0.52 290 - 550 7.0 3.0± 0.8
111 1e+8jets+/𝐸t 0.095 0.52 840 - 930 1.0 0.1± 0.05
112 2µ+/𝐸t[0Q] 0.024 0.53 550 - 690 8.0 3.1± 0.7
113 2µ+1jet[0Q] 0.018 0.53 890 - 1080 5.0 15.1± 3.3
114 1e+1µ+1γ[2Q] 0.13 0.53 100 - 130 2.0 0.6± 0.3
115 1e+1γ+4jets+/𝐸t 0.049 0.53 570 - 680 3.0 0.6± 0.4
116 1µ+1γ+/𝐸t 0.027 0.53 340 - 400 7.0 1.9± 1.3
117 1µ+5jets 0.011 0.54 1110 - 1960 19.0 7.9± 2.9
118 2µ[0Q] 0.027 0.54 400 - 460 38.0 62.8± 10.5
119 2µ+6jets[0Q] 0.063 0.54 1000 - 1090 1.0 0.05± 0.05
120 2e+2jets+/𝐸t[2Q] 0.025 0.54 500 - 560 5.0 0.9± 0.9
121 1µ+4jets 0.012 0.54 1170 - 1260 8.0 2.3± 1.1
122 1µ+2jets 0.01 0.55 880 - 1080 59.0 107.8± 19.1
123 3µ+3jets+/𝐸t[1Q] 0.1 0.55 570 - 630 1.0 0.1± 0.04
124 1e+1µ+1γ+/𝐸t[2Q] 0.15 0.55 160 - 190 1.0 0.2± 0.08
125 1µ+4jets+/𝐸t 0.01 0.55 1470 - 1590 11.0 2.7± 2.1
126 2e+5jets[0Q] 0.0092 0.55 420 - 480 3.0 0.3± 0.2
127 1µ+1γ+3jets+/𝐸t 0.025 0.56 300 - 380 10.0 3.8± 1.6
128 1µ+8jets 0.069 0.57 650 - 710 1.0 0.06± 0.05
129 3e[1Q] 0.035 0.57 220 - 250 7.0 2.4± 1.2
130 2µ+1γ+1jet[0Q] 0.024 0.57 390 - 440 5.0 1.0± 0.9
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
131 1e+2µ+3jets[1Q] 0.089 0.58 520 - 580 1.0 0.09± 0.06
132 2e+1µ+2jets+/𝐸t[1Q] 0.059 0.58 530 - 590 2.0 0.4± 0.1
133 1µ+5jets+/𝐸t 0.014 0.59 1090 - 1230 15.0 36.3± 8.2
134 1µ+7jets+/𝐸t 0.021 0.61 1140 - 1370 0.0 4.6± 1.2
135 2e+3jets[2Q] 0.025 0.63 260 - 290 3.0 0.4± 0.4
136 2e+2jets+/𝐸t[0Q] 0.017 0.64 1110 - 1530 10.0 3.6± 1.4
137 4e[0Q] 0.094 0.65 290 - 320 1.0 0.1± 0.04
138 1e+1γ+5jets+/𝐸t 0.12 0.65 1020 - 1110 1.0 2.2 · 10−4 ± 1616.1 · 10−4
139 3µ[1Q] 0.044 0.65 80 - 110 12.0 6.1± 1.6
140 1e+1µ+4jets[0Q] 0.026 0.65 1260 - 1350 1.0 0.006± 0.03
141 3µ+1jet+/𝐸t[1Q] 0.043 0.67 220 - 310 0.0 3.5± 0.9
142 2µ+3jets+/𝐸t[0Q] 0.019 0.67 1000 - 4890 5.0 15.7± 3.8
143 1e+1µ+1γ+1jet[0Q] 0.18 0.68 250 - 280 1.0 0.2± 0.09
144 2µ+1γ[0Q] 0.051 0.68 60 - 90 104.0 200.8± 57.8
145 1e+6jets 0.016 0.68 880 - 970 11.0 4.4± 1.3
146 1e+2jets+/𝐸t 0.012 0.7 750 - 840 281.0 408.4± 53.2
147 1µ+3jets+/𝐸t 0.015 0.7 740 - 860 545.0 744.0± 88.5
148 3µ+2jets+/𝐸t[1Q] 0.084 0.71 470 - 530 2.0 0.5± 0.1
149 1e+1µ+/𝐸t[0Q] 0.039 0.71 340 - 480 23.0 39.2± 6.9
150 2µ+2jets+/𝐸t[0Q] 0.029 0.71 210 - 270 39.0 63.3± 10.4
151 1e+2µ[1Q] 0.051 0.71 190 - 220 1.0 6.1± 2.0
152 1µ+1γ+2jets 0.035 0.72 770 - 980 3.0 0.2± 0.6
153 1e+1µ+1jet+/𝐸t[0Q] 0.037 0.72 810 - 1320 0.0 3.7± 0.9
154 1e+/𝐸t 0.022 0.73 850 - 1010 1.0 6.0± 0.8
155 1µ+1γ+1jet+/𝐸t 0.047 0.73 580 - 2640 1.0 8.8± 4.3
156 1µ+2γ 0.2 0.74 150 - 180 1.0 0.1± 0.2
157 2e+5jets+/𝐸t[0Q] 0.044 0.75 610 - 870 1.0 5.5± 1.3
158 2e+3jets[0Q] 0.016 0.75 850 - 1420 27.0 53.4± 10.5
159 1e+1µ+1jet[0Q] 0.039 0.76 500 - 620 0.0 3.5± 0.8
160 2µ+2jets[2Q] 0.1 0.76 150 - 400 0.0 2.6± 0.7
161 2e+1γ[2Q] 0.064 0.76 90 - 120 7.0 2.5± 1.7
162 1e+2µ+2jets[1Q] 0.087 0.77 400 - 440 2.0 0.4± 0.3
163 2µ+5jets+/𝐸t[0Q] 0.05 0.77 1250 - 2100 3.0 0.6± 0.5
164 1µ+6jets 0.028 0.78 390 - 490 1.0 6.7± 1.8
165 1e+1µ+2jets[0Q] 0.041 0.78 160 - 200 6.0 13.6± 2.4
166 2e+1γ+/𝐸t[2Q] 0.26 0.78 210 - 240 1.0 0.3± 0.2
167 1e+5jets+/𝐸t 0.026 0.79 1330 - 1570 12.0 5.2± 1.8
168 3e[3Q] 0.23 0.8 100 - 130 1.0 0.1± 0.3
169 1e+1µ[2Q] 0.073 0.8 110 - 170 70.0 41.7± 17.6
170 3µ+/𝐸t[1Q] 0.061 0.8 620 - 680 1.0 0.06± 0.02
171 2e+3jets+/𝐸t[0Q] 0.027 0.81 1160 - 1550 1.0 7.0± 2.0
172 1e+2µ+2jets+/𝐸t[1Q] 0.13 0.82 270 - 590 0.0 2.2± 0.6
173 1e+1µ+3jets+/𝐸t[2Q] 0.1 0.82 280 - 340 1.0 0.06± 0.1
174 2µ+4jets[0Q] 0.027 0.84 580 - 780 35.0 61.4± 11.6
175 1e+2µ+/𝐸t[1Q] 0.072 0.85 240 - 270 5.0 2.1± 0.5
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
176 2e+1jet[2Q] 0.046 0.85 410 - 440 11.0 4.2± 2.6
177 2e+4jets[0Q] 0.024 0.87 290 - 330 4.0 0.5± 0.7
178 2µ+6jets+/𝐸t[0Q] 0.19 0.88 870 - 960 1.0 0.2± 0.09
179 2µ+3jets[0Q] 0.038 0.88 950 - 1070 7.0 16.6± 3.7
180 1e+1µ+2jets+/𝐸t[0Q] 0.062 0.9 920 - 1100 2.0 6.7± 1.4
181 1e+2µ+1jet+/𝐸t[1Q] 0.094 0.9 250 - 310 0.0 2.6± 0.6
182 2e+/𝐸t[2Q] 0.11 0.91 330 - 430 5.0 1.6± 1.6
183 1µ+1jet 0.061 0.92 370 - 430 1.6 · 103 1.9 · 103 ± 0.2 · 103
184 4µ[0Q] 0.16 0.92 110 - 140 1.0 0.2± 0.06
185 2e+1µ+1jet[1Q] 0.091 0.92 160 - 220 6.0 2.9± 0.7
186 1µ 0.021 0.92 120 - 150 1.2 · 103 1.5 · 103 ± 0.2 · 103
187 1e+1γ+3jets 0.058 0.92 330 - 390 15.0 6.1± 4.2
188 1e+1µ+3jets+/𝐸t[0Q] 0.063 0.93 990 - 1140 1.0 5.0± 1.1
189 1e+1γ+1jet+/𝐸t 0.069 0.93 560 - 620 8.0 2.3± 2.5
190 3e+1jet[1Q] 0.071 0.93 160 - 190 6.0 2.3± 1.2
191 1µ+3jets 0.051 0.93 740 - 860 158.0 215.9± 32.4
192 1µ+1γ 0.13 0.93 300 - 350 4.0 0.9± 1.5
193 1e+1µ+5jets+/𝐸t[0Q] 0.092 0.94 640 - 730 0.0 2.5± 0.6
194 2e+1jet+/𝐸t[0Q] 0.072 0.95 560 - 620 11.0 20.2± 4.3
195 1e+1µ+2jets+/𝐸t[2Q] 0.13 0.95 340 - 740 6.0 12.1± 3.7
196 2e+2jets[2Q] 0.066 0.96 1760 - 1850 1.0 4.8 · 10−4 ± 866.4 · 10−4
197 1e+1γ 0.095 0.96 330 - 370 4.0 13.6± 6.8
198 1e+4jets+/𝐸t 0.065 0.97 1020 - 1110 24.0 41.0± 9.3
199 2e+4jets+/𝐸t[0Q] 0.071 0.97 950 - 1130 1.0 5.1± 1.4
200 1e+3jets+/𝐸t 0.022 0.97 1630 - 1910 4.0 19.5± 7.0
201 1e+1µ+1jet+/𝐸t[2Q] 0.13 0.97 240 - 380 31.0 20.7± 7.2
202 1e+3jets 0.05 0.98 1410 - 1560 1.0 9.6± 5.3
203 1e+7jets 0.13 0.98 750 - 850 3.0 1.2± 0.5
204 2e+1µ+2jets[1Q] 0.22 0.98 190 - 430 0.0 1.6± 0.4
205 1e+5jets 0.078 0.98 1060 - 1210 16.0 8.0± 4.1
206 1e+2µ+1jet[1Q] 0.14 0.99 120 - 160 1.0 5.1± 3.4
207 2e+2jets[0Q] 0.016 0.99 820 - 880 12.0 27.8± 5.7
208 3e+2jets+/𝐸t[1Q] 0.24 0.99 230 - 1940 1.0 3.0± 0.9
209 1e+2jets 0.062 0.99 1400 - 1820 2.0 10.5± 5.1
210 1e+1jet 0.11 1.0 920 - 1000 10.0 24.4± 11.3
211 1e+1γ+1jet 0.097 1.0 660 - 720 2.0 9.5± 6.0
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C.3.1.2 Inclusive Event Classes
Table C.10: Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes
in 2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2µ+X[2Q] 6.76 · 10−7 2.50 · 10−5 40 - 70 70.0 22.4± 6.6
2 1e+1µ+1γ+3jets+/𝐸t+X[0Q] 3.74 · 10−5 7.49 · 10−4 630 - 710 2.0 6.0 · 10−4 ± 84.5 · 10−4
3 2e+1γ+3jets+X[0Q] 7.26 · 10−5 0.0022 460 - 780 5.0 0.3± 0.1
4 2µ+4jets+/𝐸t+X[2Q] 9.31 · 10−5 0.0022 590 - 660 3.0 0.08± 0.03
5 1e+1µ+1γ+2jets+/𝐸t+X[0Q] 2.06 · 10−4 0.0054 570 - 730 3.0 0.08± 0.06
6 1µ+2γ+2jets+X 4.89 · 10−4 0.0066 250 - 340 2.0 0.02± 0.02
7 2e+1µ+1γ+1jet+X[1Q] 9.48 · 10−4 0.0087 570 - 600 1.0 0.0± 0.001
8 2e+1µ+1γ+/𝐸t+X[1Q] 0.0013 0.0089 660 - 720 1.0 2.4 · 10−5 ± 156.6 · 10−5
9 2e+1γ+1jet+/𝐸t+X[0Q] 3.90 · 10−4 0.011 560 - 780 4.0 0.3± 0.1
10 2µ+2jets+/𝐸t+X[2Q] 4.48 · 10−4 0.014 490 - 550 6.0 0.9± 0.2
11 2e+1µ+1γ+1jet+/𝐸t+X[1Q] 0.0023 0.015 810 - 870 1.0 4.3 · 10−4 ± 26.4 · 10−4
12 2e+1µ+1γ+X[1Q] 0.002 0.022 490 - 520 1.0 4.0 · 10−4 ± 23.8 · 10−4
13 2µ+/𝐸t+X[2Q] 9.26 · 10−4 0.032 110 - 150 27.0 11.0± 2.6
14 1e+1µ+6jets+/𝐸t+X[0Q] 9.81 · 10−4 0.032 810 - 900 3.0 0.1± 0.09
15 1µ+2γ+2jets+/𝐸t+X 0.0033 0.038 510 - 570 1.0 1.6 · 10−5 ± 416.2 · 10−5
16 2µ+4jets+X[2Q] 0.0014 0.038 480 - 580 3.0 0.2± 0.06
17 1e+2µ+1γ+X[1Q] 0.003 0.045 260 - 290 2.0 0.07± 0.04
18 1e+1µ+1γ+1jet+/𝐸t+X[0Q] 0.0027 0.046 480 - 640 3.0 0.2± 0.1
19 2e+2µ+/𝐸t+X[0Q] 0.011 0.048 190 - 220 1.0 0.009± 0.008
20 2e+1µ+1jet+X[3Q] 0.0056 0.048 300 - 330 1.0 0.003± 0.006
21 3e+1jet+X[3Q] 0.0079 0.061 560 - 590 1.0 0.006± 0.006
22 4e+/𝐸t+X[0Q] 0.01 0.068 220 - 250 1.0 0.007± 0.008
23 2e+2jets+/𝐸t+X[2Q] 0.0015 0.071 500 - 900 21.0 7.3± 2.5
24 2µ+3jets+/𝐸t+X[2Q] 0.0039 0.076 560 - 620 3.0 0.3± 0.08
25 2µ+1γ+/𝐸t+X[0Q] 0.0033 0.076 220 - 250 6.0 1.2± 0.4
26 2µ+X[0Q] 0.0034 0.087 720 - 1750 2.0 11.2± 1.9
27 1µ+8jets+/𝐸t+X 0.0041 0.093 2210 - 2360 1.0 3.8 · 10−4 ± 49.4 · 10−4
28 1e+1γ+4jets+X 0.0014 0.095 750 - 870 5.0 0.5± 0.4
29 2µ+1γ+2jets+X[0Q] 0.0013 0.098 460 - 700 7.0 1.0± 0.7
30 1µ+9jets+/𝐸t+X 0.0042 0.1 580 - 670 1.0 0.0± 0.005
31 2e+1γ+2jets+X[2Q] 0.0096 0.1 710 - 770 1.0 0.007± 0.008
32 1µ+1γ+1jet+X 0.0024 0.11 780 - 950 6.0 0.2± 0.9
33 1µ+1γ+6jets+/𝐸t+X 0.013 0.11 780 - 870 1.0 0.009± 0.01
34 1e+2γ+3jets+X 0.0092 0.12 740 - 800 1.0 6.8 · 10−5 ± 1156.8 · 10−5
35 2e+1γ+4jets+X[0Q] 0.013 0.12 460 - 520 1.0 0.01± 0.01
36 1µ+2γ+1jet+/𝐸t+X 0.015 0.12 460 - 520 1.0 0.005± 0.02
37 1µ+9jets+X 0.0039 0.12 530 - 590 1.0 0.0± 0.005
38 2e+5jets+X[2Q] 0.0076 0.12 1130 - 1220 1.0 0.004± 0.007
39 2e+1µ+3jets+X[1Q] 0.0087 0.12 630 - 870 3.0 0.4± 0.1
40 2e+1γ+1jet+X[2Q] 0.0046 0.13 210 - 250 4.0 0.5± 0.3
41 2e+1jet+/𝐸t+X[2Q] 0.002 0.13 400 - 580 35.0 12.3± 5.8
42 1e+1µ+3jets+/𝐸t+X[2Q] 0.0053 0.13 1020 - 1140 2.0 0.1± 0.04
43 1µ+8jets+X 0.0038 0.13 2090 - 2210 1.0 3.6 · 10−4 ± 46.6 · 10−4
44 2e+1µ+3jets+/𝐸t+X[1Q] 0.012 0.13 1130 - 1220 1.0 0.01± 0.008
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1e+1µ+1γ+/𝐸t+X[0Q] 0.008 0.13 400 - 660 3.0 0.4± 0.1
46 1e+1µ+1γ+/𝐸t+X[2Q] 0.0099 0.14 600 - 660 1.0 0.008± 0.007
47 1µ+X 0.011 0.14 370 - 480 163.0 246.0± 33.6
48 1µ+1γ+4jets+/𝐸t+X 0.005 0.14 2140 - 2290 1.0 0.0± 0.006
49 2e+1γ+/𝐸t+X[0Q] 0.0082 0.14 250 - 690 9.0 2.7± 1.0
50 1e+1µ+4jets+/𝐸t+X[2Q] 0.0097 0.14 960 - 1110 2.0 0.1± 0.05
51 2e+7jets+/𝐸t+X[0Q] 0.026 0.15 870 - 960 1.0 0.005± 0.03
52 1e+1µ+7jets+X[0Q] 0.0082 0.15 940 - 1030 1.0 0.006± 0.007
53 3e+3jets+/𝐸t+X[1Q] 0.014 0.15 510 - 630 2.0 0.2± 0.06
54 1e+1µ+1γ+2jets+X[0Q] 0.0068 0.15 540 - 640 2.0 0.1± 0.06
55 2µ+1γ+X[0Q] 0.0049 0.15 340 - 370 3.0 0.09± 0.3
56 1e+1µ+1γ+3jets+X[0Q] 0.015 0.16 590 - 650 1.0 0.01± 0.01
57 2e+1γ+2jets+/𝐸t+X[2Q] 0.022 0.16 630 - 690 1.0 0.02± 0.01
58 1e+9jets+X 0.021 0.16 1000 - 1090 1.0 0.01± 0.02
59 1µ+1γ+4jets+X 0.0045 0.16 2070 - 2200 1.0 0.0± 0.006
60 1e+1µ+1γ+X[0Q] 0.0084 0.17 360 - 390 2.0 0.07± 0.1
61 2e+1γ+2jets+X[0Q] 0.0034 0.17 310 - 340 3.0 0.2± 0.2
62 1µ+1γ+5jets+X 0.009 0.17 630 - 690 3.0 0.4± 0.2
63 2e+4jets+X[2Q] 0.0038 0.18 530 - 610 4.0 0.5± 0.2
64 2e+4jets+/𝐸t+X[2Q] 0.0065 0.18 490 - 740 5.0 0.9± 0.4
65 1µ+/𝐸t+X 0.005 0.19 650 - 780 44.0 88.8± 15.5
66 1µ+2γ+1jet+X 0.022 0.2 200 - 260 2.0 0.2± 0.1
67 2µ+2jets+X[0Q] 0.0024 0.21 800 - 920 59.0 112.1± 16.6
68 1µ+1γ+6jets+X 0.037 0.21 670 - 730 1.0 0.03± 0.03
69 3e+1γ+X[1Q] 0.021 0.22 350 - 380 1.0 0.02± 0.02
70 3µ+3jets+X[1Q] 0.018 0.22 360 - 410 2.0 0.2± 0.07
71 2e+1γ+1jet+X[0Q] 0.0032 0.22 520 - 560 3.0 0.08± 0.2
72 2µ+1γ+3jets+X[0Q] 0.013 0.23 560 - 620 2.0 0.01± 0.2
73 2e+1jet+/𝐸t+X[0Q] 0.0028 0.23 1050 - 1140 8.0 1.6± 0.9
74 2µ+1γ+/𝐸t+X[2Q] 0.041 0.23 210 - 240 1.0 0.04± 0.02
75 1µ+4jets+X 0.0031 0.24 1720 - 1900 7.0 1.0± 0.9
76 1e+1µ+1jet+X[2Q] 0.0063 0.24 230 - 270 47.0 24.0± 6.7
77 2e+1γ+1jet+/𝐸t+X[2Q] 0.037 0.24 420 - 480 1.0 0.04± 0.02
78 1e+1µ+7jets+/𝐸t+X[0Q] 0.042 0.24 1020 - 1110 1.0 0.04± 0.03
79 3e+3jets+X[1Q] 0.016 0.24 460 - 520 2.0 0.2± 0.06
80 1e+1µ+1γ+1jet+X[0Q] 0.014 0.25 460 - 540 2.0 0.2± 0.08
81 2µ+2jets+X[2Q] 0.0095 0.26 380 - 500 9.0 3.1± 0.7
82 2µ+1jet+X[0Q] 0.0072 0.26 620 - 770 170.0 265.5± 36.2
83 1µ+6jets+/𝐸t+X 0.0053 0.28 1050 - 1170 6.0 25.2± 6.5
84 3e+4jets+X[1Q] 0.04 0.28 760 - 820 1.0 0.04± 0.02
85 1µ+2jets+/𝐸t+X 0.003 0.28 1290 - 1500 61.0 127.1± 22.2
86 1µ+7jets+X 0.0045 0.29 860 - 1160 6.0 26.1± 6.7
87 2e+/𝐸t+X[0Q] 0.0079 0.29 630 - 830 12.0 4.1± 1.6
88 3e+/𝐸t+X[1Q] 0.011 0.29 190 - 230 18.0 8.2± 2.1
89 1µ+1jet+/𝐸t+X 0.0088 0.3 690 - 840 1.1 · 103 1.5 · 103 ± 0.2 · 103
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 2e+6jets+/𝐸t+X[0Q] 0.031 0.3 780 - 870 2.0 0.2± 0.1
91 2e+2µ+1jet+X[0Q] 0.029 0.3 520 - 550 1.0 0.03± 0.02
92 2e+1jet+X[2Q] 0.0031 0.3 410 - 440 24.0 8.7± 3.5
93 2µ+1γ+1jet+/𝐸t+X[0Q] 0.023 0.31 270 - 330 4.0 0.9± 0.4
94 1e+1µ+3jets+X[2Q] 0.01 0.31 260 - 300 5.0 1.0± 0.5
95 1µ+6jets+X 0.0057 0.32 840 - 930 16.0 44.9± 10.1
96 2µ+2jets+/𝐸t+X[0Q] 0.0073 0.32 980 - 1130 4.0 15.7± 3.5
97 2e+3jets+/𝐸t+X[2Q] 0.013 0.32 830 - 1130 4.0 0.7± 0.4
98 1µ+7jets+/𝐸t+X 0.0073 0.33 1140 - 1370 0.0 6.3± 1.7
99 2µ+5jets+X[0Q] 0.004 0.33 830 - 940 9.0 2.6± 0.8
100 2e+2µ+X[0Q] 0.019 0.34 240 - 270 3.0 0.5± 0.2
101 2e+1µ+X[3Q] 0.075 0.34 190 - 220 1.0 0.08± 0.04
102 1µ+2jets+X 0.0057 0.35 1000 - 1120 129.0 212.1± 30.3
103 3µ+2jets+X[1Q] 0.014 0.35 410 - 470 5.0 1.3± 0.3
104 1e+1µ+1γ+X[2Q] 0.033 0.35 380 - 410 1.0 0.03± 0.02
105 2e+2γ+X[0Q] 0.02 0.36 290 - 320 1.0 0.008± 0.02
106 2e+1µ+/𝐸t+X[1Q] 0.013 0.36 940 - 1030 1.0 0.009± 0.01
107 1e+1γ+5jets+X 0.057 0.38 860 - 1280 2.0 0.3± 0.2
108 3µ+2jets+/𝐸t+X[1Q] 0.026 0.38 470 - 530 3.0 0.6± 0.2
109 1e+1µ+1jet+X[0Q] 0.012 0.39 540 - 600 13.0 28.3± 4.8
110 1e+7jets+/𝐸t+X 0.015 0.39 1520 - 1680 3.0 0.4± 0.2
111 1µ+1γ+2jets+/𝐸t+X 0.015 0.39 860 - 950 5.0 0.6± 0.9
112 2µ+1jet+X[2Q] 0.012 0.39 100 - 160 17.0 7.8± 1.9
113 1e+1µ+3jets+X[0Q] 0.0085 0.39 920 - 1060 1.0 8.4± 1.9
114 2µ+3jets+X[2Q] 0.028 0.39 240 - 520 7.0 2.6± 0.7
115 1e+1µ+5jets+X[2Q] 0.061 0.39 570 - 630 1.0 0.06± 0.04
116 1e+6jets+/𝐸t+X 0.009 0.4 960 - 1140 5.0 16.8± 3.6
117 2µ+1γ+X[2Q] 0.12 0.41 140 - 170 1.0 0.1± 0.06
118 1µ+5jets+X 0.0076 0.41 1760 - 1960 6.0 0.8± 0.9
119 1e+1γ+3jets+/𝐸t+X 0.016 0.41 600 - 660 10.0 3.2± 1.6
120 1µ+2γ+/𝐸t+X 0.081 0.44 320 - 380 1.0 0.07± 0.06
121 1µ+1jet+X 0.025 0.44 490 - 590 2.5 · 103 3.2 · 103 ± 0.3 · 103
122 1e+1µ+X[0Q] 0.018 0.45 390 - 540 12.0 25.6± 4.5
123 1e+3jets+X 8.71 · 10−4 0.46 1950 - 2110 7.0 0.5± 0.8
124 1e+1µ+2jets+X[0Q] 0.013 0.47 610 - 670 18.0 36.7± 6.3
125 2e+X[0Q] 0.0024 0.47 890 - 960 6.0 1.2± 0.3
126 2µ+4jets+X[0Q] 0.0072 0.47 1540 - 1950 3.0 0.2± 0.3
127 1e+1γ+4jets+/𝐸t+X 0.035 0.48 830 - 1010 3.0 0.5± 0.4
128 2e+6jets+X[0Q] 0.014 0.49 850 - 910 3.0 0.2± 0.3
129 1e+1µ+2jets+/𝐸t+X[0Q] 0.016 0.49 920 - 1070 5.0 15.0± 3.1
130 1e+4jets+X 0.01 0.5 320 - 400 415.0 293.4± 48.4
131 2e+1γ+X[0Q] 0.011 0.5 300 - 330 5.0 1.0± 0.6
132 2e+/𝐸t+X[2Q] 0.022 0.5 350 - 450 12.0 4.2± 2.4
133 2e+3jets+X[2Q] 0.015 0.51 510 - 570 9.0 2.8± 1.3
134 2e+1γ+/𝐸t+X[2Q] 0.094 0.52 210 - 240 2.0 0.4± 0.3
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
135 1µ+1γ+3jets+X 0.018 0.54 480 - 580 27.0 12.7± 4.8
136 1e+1µ+4jets+X[2Q] 0.052 0.54 1020 - 1140 1.0 0.05± 0.04
137 1e+1µ+4jets+/𝐸t+X[0Q] 0.015 0.56 590 - 660 6.0 15.8± 2.7
138 2e+1µ+2jets+X[1Q] 0.031 0.56 190 - 430 0.0 3.9± 1.0
139 1e+8jets+/𝐸t+X 0.095 0.56 840 - 930 1.0 0.1± 0.05
140 4µ+1jet+X[0Q] 0.13 0.57 290 - 320 1.0 0.1± 0.05
141 1µ+5jets+/𝐸t+X 0.015 0.57 1090 - 1230 24.0 53.4± 12.0
142 1e+1γ+2jets+/𝐸t+X 0.019 0.57 520 - 580 16.0 6.5± 2.9
143 3e+X[3Q] 0.16 0.58 150 - 300 2.0 0.3± 0.7
144 2µ+1jet+/𝐸t+X[2Q] 0.028 0.58 180 - 400 27.0 15.4± 3.7
145 3µ+1jet+/𝐸t+X[1Q] 0.031 0.59 220 - 310 0.0 4.0± 1.0
146 3µ+X[1Q] 0.03 0.61 330 - 380 6.0 2.1± 0.6
147 3µ+3jets+/𝐸t+X[1Q] 0.12 0.61 530 - 590 1.0 0.1± 0.04
148 2e+3jets+X[0Q] 0.0098 0.62 1090 - 1180 1.0 9.2± 2.5
149 1e+2γ+X 0.061 0.62 220 - 250 2.0 0.3± 0.3
150 2e+2jets+/𝐸t+X[0Q] 0.015 0.62 1440 - 1530 4.0 0.6± 0.5
151 1e+1µ+/𝐸t+X[2Q] 0.033 0.63 140 - 170 57.0 33.0± 10.8
152 1e+1µ+6jets+X[0Q] 0.074 0.64 750 - 960 4.0 1.2± 0.8
153 3e+2jets+X[1Q] 0.039 0.64 310 - 360 4.0 1.1± 0.5
154 2µ+3jets+X[0Q] 0.017 0.64 1770 - 1920 2.0 0.03± 0.2
155 2e+1µ+2jets+/𝐸t+X[1Q] 0.064 0.66 1110 - 1200 1.0 0.07± 0.02
156 1e+1µ+2jets+X[2Q] 0.025 0.66 250 - 280 1.0 12.0± 5.4
157 1e+1µ+1γ+1jet+X[2Q] 0.094 0.67 390 - 510 2.0 0.2± 0.5
158 1e+2γ+1jet+X 0.057 0.68 550 - 580 1.0 0.007± 0.07
159 1e+1γ+5jets+/𝐸t+X 0.11 0.68 1020 - 1110 1.0 3.1 · 10−4 ± 1556.1 · 10−4
160 1e+2γ+2jets+X 0.082 0.69 670 - 730 1.0 2.5 · 10−4 ± 1104.6 · 10−4
161 1µ+1γ+3jets+/𝐸t+X 0.039 0.69 300 - 380 10.0 4.2± 1.7
162 1e+2µ+2jets+/𝐸t+X[1Q] 0.075 0.7 270 - 590 0.0 2.9± 0.7
163 2µ+4jets+/𝐸t+X[0Q] 0.025 0.7 490 - 550 19.0 10.4± 1.9
164 3µ+1jet+X[1Q] 0.03 0.72 500 - 4110 0.0 4.0± 1.0
165 1µ+1γ+2jets+X 0.037 0.72 750 - 870 5.0 0.9± 1.1
166 2µ+1γ+1jet+X[0Q] 0.033 0.72 140 - 170 9.0 25.9± 8.1
167 1e+2µ+/𝐸t+X[1Q] 0.042 0.73 350 - 2530 1.0 5.7± 1.4
168 1e+1µ+1γ+1jet+/𝐸t+X[2Q] 0.18 0.73 720 - 780 1.0 0.006± 0.3
169 2e+5jets+X[0Q] 0.017 0.73 380 - 480 5.0 1.3± 0.4
170 2e+5jets+/𝐸t+X[0Q] 0.036 0.73 610 - 750 0.0 3.7± 0.9
171 1µ+1γ+X 0.057 0.74 420 - 480 6.0 1.9± 1.3
172 2µ+5jets+/𝐸t+X[0Q] 0.041 0.74 2050 - 2200 1.0 0.0± 0.05
173 1e+1γ+2jets+X 0.03 0.74 1160 - 1820 6.0 0.9± 1.5
174 1e+1γ+/𝐸t+X 0.035 0.76 570 - 630 4.0 0.4± 0.9
175 1e+1µ+X[2Q] 0.052 0.76 360 - 420 6.0 2.1± 1.1
176 3e+1jet+/𝐸t+X[1Q] 0.057 0.77 380 - 500 7.0 3.1± 0.9
177 2µ+3jets+/𝐸t+X[0Q] 0.028 0.77 640 - 730 29.0 49.6± 8.5
178 2e+1µ+1jet+X[1Q] 0.033 0.77 480 - 560 5.0 1.6± 0.5
179 1µ+1γ+/𝐸t+X 0.063 0.78 560 - 620 3.0 0.4± 0.7
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
180 1e+5jets+/𝐸t+X 0.029 0.78 1250 - 1570 27.0 14.8± 4.2
181 1e+1γ+3jets+X 0.03 0.79 830 - 1210 1.0 10.6± 4.8
182 3e+1jet+X[1Q] 0.035 0.79 160 - 190 8.0 2.9± 1.4
183 2e+1µ+1jet+/𝐸t+X[1Q] 0.061 0.8 460 - 640 0.0 3.1± 0.7
184 1e+2µ+1jet+/𝐸t+X[1Q] 0.06 0.81 250 - 310 0.0 3.1± 0.8
185 2e+4jets+/𝐸t+X[0Q] 0.033 0.81 980 - 1130 0.0 4.1± 1.2
186 2e+4jets+X[0Q] 0.021 0.81 910 - 1010 5.0 16.4± 4.4
187 3e+2jets+/𝐸t+X[1Q] 0.12 0.82 450 - 530 2.0 0.5± 0.3
188 1e+7jets+X 0.033 0.83 1510 - 1600 3.0 0.5± 0.4
189 1e+1µ+4jets+X[0Q] 0.032 0.83 730 - 870 7.0 16.5± 3.4
190 2µ+1jet+/𝐸t+X[0Q] 0.054 0.83 140 - 170 10.0 20.5± 4.8
191 1µ+4jets+/𝐸t+X 0.031 0.83 1470 - 1590 19.0 9.1± 3.5
192 1e+4jets+/𝐸t+X 0.034 0.84 1020 - 1110 38.0 67.3± 14.1
193 1e+1γ+1jet+/𝐸t+X 0.045 0.85 580 - 680 16.0 6.6± 4.0
194 1e+1jet+/𝐸t+X 0.014 0.86 1450 - 1680 7.0 25.1± 7.2
195 4e+X[0Q] 0.14 0.86 290 - 320 1.0 0.2± 0.06
196 2e+3jets+/𝐸t+X[0Q] 0.034 0.86 1190 - 1400 1.0 6.5± 1.9
197 1e+1µ+5jets+/𝐸t+X[0Q] 0.058 0.86 640 - 730 0.0 3.0± 0.6
198 2e+1γ+X[2Q] 0.088 0.87 150 - 180 7.0 3.1± 1.6
199 1µ+3jets+X 0.038 0.87 660 - 720 780.0 1.0 · 103 ± 0.1 · 103
200 2e+7jets+X[0Q] 0.088 0.88 820 - 880 1.0 0.006± 0.1
201 1e+1µ+2jets+/𝐸t+X[2Q] 0.069 0.89 710 - 800 3.0 0.9± 0.3
202 1e+2µ+1jet+X[1Q] 0.057 0.89 520 - 3310 0.0 3.2± 0.8
203 2e+1µ+X[1Q] 0.065 0.9 600 - 630 1.0 0.06± 0.04
204 1µ+1γ+1jet+/𝐸t+X 0.086 0.9 960 - 1050 2.0 0.2± 0.5
205 1e+1µ+5jets+X[0Q] 0.054 0.9 450 - 530 6.0 2.5± 0.5
206 1e+1µ+1jet+/𝐸t+X[0Q] 0.068 0.91 160 - 190 7.0 15.3± 3.9
207 4µ+X[0Q] 0.14 0.91 140 - 200 1.0 4.0± 1.2
208 1e+1µ+3jets+/𝐸t+X[0Q] 0.058 0.91 870 - 960 7.0 14.3± 2.7
209 2µ+6jets+/𝐸t+X[0Q] 0.21 0.91 870 - 960 1.0 0.2± 0.1
210 1µ+2γ+X 0.29 0.91 140 - 170 2.0 1.0± 0.6
211 1e+2jets+/𝐸t+X 0.027 0.92 1500 - 1860 26.0 54.0± 13.0
212 2e+2jets+X[2Q] 0.058 0.93 300 - 330 46.0 27.8± 9.5
213 3µ+/𝐸t+X[1Q] 0.088 0.93 560 - 640 2.0 0.5± 0.1
214 1µ+3jets+/𝐸t+X 0.054 0.93 1910 - 5850 1.0 8.0± 3.8
215 1e+8jets+X 0.12 0.94 850 - 1060 3.0 1.1± 0.4
216 1e+/𝐸t+X 0.047 0.95 770 - 850 23.0 13.1± 3.8
217 2µ+/𝐸t+X[0Q] 0.097 0.95 690 - 780 0.0 2.5± 0.5
218 1e+2µ+2jets+X[1Q] 0.11 0.95 540 - 3540 0.0 2.4± 0.6
219 2e+1jet+X[0Q] 0.014 0.96 620 - 680 93.0 148.0± 22.4
220 2µ+6jets+X[0Q] 0.2 0.96 940 - 1030 1.0 0.2± 0.1
221 1e+1µ+1jet+/𝐸t+X[2Q] 0.092 0.96 600 - 660 4.0 1.4± 0.8
222 1e+2µ+3jets+X[1Q] 0.24 0.97 520 - 580 1.0 0.3± 0.1
223 1e+1µ+/𝐸t+X[0Q] 0.11 0.97 90 - 140 156.0 204.3± 36.4
224 1e+2jets+X 0.035 0.98 1730 - 1980 12.0 3.5± 3.2
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
225 2e+2jets+X[0Q] 0.013 0.98 760 - 860 68.0 110.8± 16.8
226 1e+5jets+X 0.073 0.98 1770 - 2410 6.0 1.0± 2.1
227 1e+6jets+X 0.074 0.99 570 - 630 6.0 12.2± 2.3
228 2e+X[2Q] 0.058 0.99 340 - 450 14.0 5.1± 4.2
229 1e+3jets+/𝐸t+X 0.047 0.99 1630 - 1910 10.0 25.5± 8.0
230 3e+X[1Q] 0.15 1.0 360 - 390 3.0 1.2± 0.5
231 1e+1γ+X 0.072 1.0 320 - 360 19.0 49.5± 20.5
232 1e+1γ+1jet+X 0.068 1.0 1100 - 1320 4.0 0.7± 1.1
233 1e+2µ+X[1Q] 0.19 1.0 190 - 220 9.0 14.4± 4.1
234 1e+1jet+X 0.061 1.0 1170 - 1320 10.0 27.9± 10.7
235 1e+X 0.063 1.0 700 - 790 1.0 9.3± 6.2
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C.3.2 Combined Mass
C.3.2.1 Exclusive Event Classes
Table C.11: Full list of the detailed scan of the exclusive combined mass distributions in all considered event
classes in 2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by
decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2µ[2Q] 3.48 · 10−10 < 1/2000000 60 - 80 34.0 6.2± 1.7
2 2e+1γ+3jets[0Q] 3.68 · 10−8 3.50 · 10−6 840 - 980 3.0 4.0 · 10−4 ± 50.4 · 10−4
3 2e+1µ+3jets[1Q] 3.06 · 10−6 2.18 · 10−4 910 - 1010 3.0 0.02± 0.01
4 3e+1jet[3Q] 1.19 · 10−5 4.16 · 10−4 1770 - 1790 1.0 0.0± 1.5 · 10−5
5 2µ+4jets+/𝐸t[2Q] 1.26 · 10−5 5.35 · 10−4 630 - 660 3.0 0.04± 0.02
6 1e+1µ+1γ+3jets+/𝐸t[0Q] 2.34 · 10−5 5.80 · 10−4 630 - 710 2.0 6.0 · 10−4 ± 66.2 · 10−4
7 2µ+/𝐸t[2Q] 2.38 · 10−5 0.0013 90 - 120 13.0 2.6± 0.6
8 2µ+1γ+3jets[0Q] 3.05 · 10−5 0.0014 960 - 1110 2.0 3.1 · 10−4 ± 77.2 · 10−4
9 2µ+1γ+/𝐸t[2Q] 7.01 · 10−4 0.0074 220 - 230 1.0 6.6 · 10−7 ± 8791.1 · 10−7
10 2e+1γ+1jet[0Q] 2.30 · 10−5 0.0086 240 - 250 7.0 0.1± 0.5
11 2µ+1γ[0Q] 1.55 · 10−4 0.011 330 - 350 4.0 0.02± 0.2
12 1µ+1γ+3jets 2.33 · 10−5 0.013 540 - 580 11.0 1.3± 0.8
13 1e+1µ+1γ[0Q] 3.28 · 10−4 0.013 210 - 220 3.0 0.09± 0.07
14 2e+1µ+1γ+1jet+/𝐸t[1Q] 0.0019 0.017 810 - 830 1.0 4.3 · 10−4 ± 22.1 · 10−4
15 1e+1µ+6jets+/𝐸t[0Q] 3.20 · 10−4 0.019 810 - 870 3.0 0.08± 0.07
16 2e+5jets[2Q] 0.0015 0.021 2410 - 2450 1.0 0.0± 0.002
17 3e[1Q] 2.10 · 10−4 0.023 470 - 490 4.0 0.2± 0.1
18 1e+2γ+3jets 5.49 · 10−4 0.026 1040 - 1060 1.0 0.0± 6.9 · 10−4
19 2e+1γ+2jets+/𝐸t[2Q] 5.72 · 10−4 0.027 630 - 650 1.0 1.9 · 10−5 ± 70.8 · 10−5
20 2e+1µ+1jet[3Q] 0.0015 0.029 480 - 490 1.0 2.4 · 10−4 ± 17.8 · 10−4
21 2e+1γ+1jet+/𝐸t[0Q] 6.23 · 10−4 0.029 560 - 580 2.0 0.01± 0.03
22 2e+3jets[2Q] 3.03 · 10−5 0.029 1150 - 1180 3.0 0.007± 0.05
23 1e+2µ+1γ[1Q] 0.0013 0.032 310 - 330 2.0 0.04± 0.03
24 2e+1γ[0Q] 8.71 · 10−5 0.034 300 - 320 4.0 0.1± 0.1
25 3e+4jets[1Q] 0.0013 0.035 1210 - 1240 1.0 2.1 · 10−4 ± 15.5 · 10−4
26 4e+/𝐸t[0Q] 0.0048 0.036 240 - 250 1.0 0.002± 0.005
27 3µ+3jets[1Q] 0.0013 0.04 410 - 430 1.0 2.6 · 10−4 ± 14.7 · 10−4
28 2e+2µ+/𝐸t[0Q] 0.0041 0.042 210 - 220 1.0 0.002± 0.004
29 1µ+2γ+2jets+/𝐸t 0.0017 0.043 530 - 550 1.0 0.0± 0.002
30 2e+1γ+2jets[0Q] 3.27 · 10−4 0.047 320 - 400 4.0 0.2± 0.2
31 2e+1γ+2jets[2Q] 0.0016 0.054 770 - 790 1.0 0.0± 0.002
32 1e+1µ+2jets[0Q] 4.24 · 10−4 0.059 1220 - 1310 4.0 0.2± 0.2
33 1e+1µ+/𝐸t[2Q] 0.0011 0.059 110 - 120 9.0 1.4± 1.1
34 1µ+1γ+2jets 3.17 · 10−4 0.068 650 - 670 5.0 0.3± 0.3
35 2µ+1γ+2jets[0Q] 1.77 · 10−4 0.07 520 - 540 3.0 0.007± 0.09
36 1e+1µ[2Q] 0.0012 0.074 270 - 290 6.0 0.7± 0.5
37 2e+2γ[0Q] 0.004 0.086 340 - 350 1.0 0.002± 0.004
38 1µ+2γ+2jets 0.0029 0.097 370 - 380 1.0 2.7 · 10−4 ± 35.0 · 10−4
39 1µ+1γ+6jets+/𝐸t 0.0071 0.099 780 - 810 1.0 0.005± 0.006
40 1µ+1γ+4jets+/𝐸t 0.0022 0.1 2140 - 2190 1.0 0.0± 0.003
41 1µ+9jets+/𝐸t 0.0018 0.1 640 - 670 1.0 0.0± 0.002
42 1e+1µ+1γ+/𝐸t[0Q] 0.006 0.1 400 - 660 2.0 0.09± 0.07
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
43 1e+1µ+2jets[2Q] 8.01 · 10−4 0.1 510 - 590 8.0 1.3± 0.7
44 1e+1µ+5jets[2Q] 0.0018 0.11 1050 - 1080 1.0 3.6 · 10−5 ± 221.1 · 10−5
45 3µ[1Q] 0.0023 0.12 440 - 470 3.0 0.2± 0.09
46 1e+1µ+4jets+/𝐸t[2Q] 0.0049 0.13 960 - 1110 2.0 0.09± 0.05
47 1e+1µ+1jet[2Q] 0.0018 0.13 480 - 640 9.0 1.6± 1.1
48 1µ+8jets+/𝐸t 0.0021 0.13 2260 - 2310 1.0 0.0± 0.003
49 2e+1µ+3jets+/𝐸t[1Q] 0.0084 0.14 1190 - 1220 1.0 0.007± 0.006
50 2µ+5jets[0Q] 7.02 · 10−4 0.15 1270 - 1390 5.0 0.3± 0.4
51 3e+3jets+/𝐸t[1Q] 0.012 0.15 510 - 650 2.0 0.2± 0.05
52 1e+9jets 0.013 0.15 1960 - 2000 1.0 0.0± 0.02
53 2e+4jets+/𝐸t[2Q] 0.0022 0.16 490 - 740 5.0 0.7± 0.3
54 1e+1γ+3jets+/𝐸t 0.0025 0.16 620 - 660 8.0 1.5± 0.9
55 2e+3jets+/𝐸t[2Q] 0.003 0.17 830 - 1130 4.0 0.4± 0.3
56 3e+1jet[1Q] 0.0019 0.18 170 - 220 7.0 1.1± 0.7
57 2µ+3jets+/𝐸t[2Q] 0.0078 0.18 340 - 380 2.0 0.1± 0.06
58 2e+1µ[3Q] 0.017 0.19 130 - 140 1.0 0.02± 0.01
59 2e+5jets[0Q] 2.56 · 10−4 0.19 740 - 800 8.0 0.9± 0.7
60 2µ+/𝐸t[0Q] 0.0033 0.19 50 - 60 15.0 5.2± 1.7
61 1µ+1γ+1jet 0.0027 0.19 580 - 600 4.0 0.1± 0.4
62 2e+7jets+/𝐸t[0Q] 0.039 0.2 870 - 900 1.0 0.03± 0.03
63 3e+1γ[1Q] 0.011 0.2 400 - 410 1.0 0.007± 0.009
64 2µ+1jet+/𝐸t[0Q] 0.0029 0.21 930 - 1020 5.0 0.7± 0.4
65 1e+8jets+/𝐸t 0.014 0.21 900 - 930 1.0 1.7 · 10−5 ± 1744.1 · 10−5
66 2µ+1jet[2Q] 0.005 0.21 120 - 800 24.0 11.1± 2.6
67 1e+6jets 8.61 · 10−4 0.22 1850 - 1890 4.0 0.3± 0.2
68 2e+1jet+/𝐸t[0Q] 0.0023 0.22 520 - 540 16.0 6.0± 1.4
69 2µ[0Q] 0.0045 0.23 500 - 520 3.0 13.1± 2.4
70 2µ+1γ+1jet+/𝐸t[0Q] 0.0094 0.23 270 - 330 4.0 0.7± 0.3
71 3µ+1jet[1Q] 0.0052 0.23 200 - 330 0.0 6.8± 1.7
72 1µ+1γ+5jets 0.0045 0.24 1140 - 1170 1.0 0.0± 0.006
73 2e+1γ+1jet[2Q] 0.0056 0.24 400 - 430 2.0 0.05± 0.09
74 1µ+4jets+/𝐸t 0.0012 0.24 1470 - 1550 9.0 1.9± 0.8
75 1e+1µ+1γ+2jets+/𝐸t[0Q] 0.012 0.24 710 - 730 1.0 0.004± 0.01
76 1e+1µ+1γ+1jet[2Q] 0.018 0.26 450 - 460 1.0 0.02± 0.01
77 1e+1γ+5jets 0.0049 0.26 1430 - 1460 1.0 0.0± 0.006
78 2e+2µ[0Q] 0.0087 0.27 160 - 180 2.0 0.1± 0.05
79 1µ+3jets+/𝐸t 9.30 · 10−4 0.27 1610 - 1660 6.0 0.6± 0.5
80 2e+2µ+1jet[0Q] 0.016 0.28 550 - 560 1.0 0.01± 0.01
81 2e+1γ+/𝐸t[0Q] 0.018 0.3 140 - 160 2.0 0.2± 0.1
82 1µ+1γ+2jets+/𝐸t 0.0047 0.3 830 - 950 6.0 0.5± 0.9
83 2e+1jet+/𝐸t[2Q] 0.0037 0.31 220 - 280 37.0 15.2± 5.9
84 1µ+1γ+4jets 0.0065 0.32 410 - 450 2.0 0.02± 0.1
85 2µ+1γ+/𝐸t[0Q] 0.021 0.32 350 - 510 2.0 0.1± 0.2
86 1e+1µ+7jets+/𝐸t[0Q] 0.039 0.33 1050 - 1080 1.0 0.03± 0.03
87 1e+1γ+4jets 0.0066 0.35 970 - 1060 2.0 0.04± 0.1
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
88 1e+7jets+/𝐸t 0.011 0.35 1600 - 1680 2.0 0.1± 0.1
89 2e+1µ+/𝐸t[1Q] 0.0098 0.36 260 - 520 0.0 5.5± 1.3
90 1µ+1γ+/𝐸t 0.0082 0.36 270 - 280 5.0 0.8± 0.6
91 3e+1jet+/𝐸t[1Q] 0.013 0.36 460 - 500 3.0 0.4± 0.1
92 1e+2γ 0.024 0.37 280 - 350 2.0 0.06± 0.2
93 1e+1γ+4jets+/𝐸t 0.0087 0.37 590 - 610 2.0 0.05± 0.1
94 3µ+2jets[1Q] 0.017 0.38 610 - 650 2.0 0.2± 0.06
95 2µ+4jets+/𝐸t[0Q] 0.0054 0.38 490 - 510 9.0 2.9± 0.6
96 4e[0Q] 0.017 0.38 290 - 370 3.0 0.5± 0.2
97 1e+2γ+1jet 0.017 0.41 360 - 370 1.0 0.007± 0.02
98 1µ+6jets+/𝐸t 0.0042 0.41 1050 - 1210 5.0 24.0± 6.3
99 2e+/𝐸t[0Q] 0.0067 0.41 150 - 160 385.0 278.9± 38.3
100 3e+2jets[1Q] 0.0086 0.41 470 - 530 3.0 0.4± 0.2
101 1e+1µ+3jets+/𝐸t[2Q] 0.018 0.41 400 - 420 2.0 0.2± 0.1
102 1µ+/𝐸t 0.0097 0.43 510 - 6580 65.0 103.3± 13.5
103 2µ+2jets+/𝐸t[2Q] 0.021 0.44 510 - 550 2.0 0.2± 0.06
104 2e+6jets[0Q] 0.0089 0.45 1450 - 1630 2.0 0.06± 0.1
105 2e+1µ[1Q] 0.011 0.45 600 - 610 1.0 0.005± 0.01
106 1µ+5jets+/𝐸t 0.0046 0.45 1060 - 1090 17.0 6.9± 1.7
107 1µ+1γ 0.014 0.46 10 - 30 36.0 84.2± 20.6
108 1e+5jets 0.0015 0.46 1060 - 1090 16.0 5.5± 1.4
109 1µ+2jets 0.0035 0.46 760 - 790 380.0 565.7± 65.7
110 2e+1jet[2Q] 0.0047 0.48 700 - 820 14.0 3.6± 2.4
111 1µ+8jets 0.04 0.49 1130 - 1220 2.0 0.3± 0.1
112 3e+/𝐸t[1Q] 0.02 0.5 180 - 220 14.0 6.4± 1.7
113 2e+4jets+/𝐸t[0Q] 0.0094 0.52 1220 - 1250 2.0 0.1± 0.08
114 1e+1µ[0Q] 0.011 0.53 300 - 310 14.0 6.1± 1.4
115 3µ+/𝐸t[1Q] 0.02 0.53 620 - 640 1.0 0.02± 0.01
116 2µ+6jets[0Q] 0.019 0.54 1680 - 1720 1.0 0.006± 0.02
117 2µ+6jets+/𝐸t[0Q] 0.043 0.55 870 - 900 1.0 0.03± 0.04
118 3µ+3jets+/𝐸t[1Q] 0.055 0.55 570 - 590 1.0 0.06± 0.02
119 4µ+1jet[0Q] 0.032 0.55 390 - 400 1.0 0.03± 0.02
120 1e+1µ+/𝐸t[0Q] 0.012 0.55 260 - 270 10.0 24.2± 4.6
121 1e+6jets+/𝐸t 0.0085 0.55 960 - 1140 3.0 12.4± 2.5
122 1e+1µ+1γ+/𝐸t[2Q] 0.08 0.55 170 - 180 1.0 0.08± 0.04
123 2µ+1jet+/𝐸t[2Q] 0.025 0.56 180 - 380 15.0 7.5± 1.8
124 2e+6jets+/𝐸t[0Q] 0.067 0.58 600 - 630 1.0 0.07± 0.04
125 1e+1γ+2jets+/𝐸t 0.013 0.58 460 - 580 21.0 8.6± 3.7
126 1µ+1γ+3jets+/𝐸t 0.018 0.58 320 - 380 10.0 3.5± 1.5
127 1e+2µ+3jets[1Q] 0.032 0.59 900 - 920 1.0 0.02± 0.03
128 1e+1µ+4jets[2Q] 0.058 0.59 790 - 810 1.0 0.05± 0.04
129 2e+3jets+/𝐸t[0Q] 0.008 0.61 1040 - 1070 4.0 0.5± 0.4
130 1e+2jets+/𝐸t 0.0049 0.62 1230 - 1260 11.0 2.7± 1.7
131 1e+4jets 0.0027 0.62 1580 - 1610 14.0 3.6± 2.0
132 1e+4jets+/𝐸t 0.0071 0.63 400 - 420 13.0 5.1± 1.2
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
133 2e+1µ+1jet+/𝐸t[1Q] 0.031 0.63 400 - 3850 0.0 3.9± 0.9
134 2e+1jet[0Q] 0.0045 0.64 820 - 860 20.0 45.7± 8.1
135 2e+2jets+/𝐸t[2Q] 0.02 0.64 500 - 870 10.0 3.1± 1.9
136 2e+1µ+1jet[1Q] 0.019 0.65 370 - 400 4.0 0.9± 0.3
137 2µ+1jet[0Q] 0.016 0.66 1280 - 1340 6.0 1.4± 0.9
138 2e+2jets+/𝐸t[0Q] 0.01 0.67 1140 - 1170 2.0 0.1± 0.08
139 1e+1γ+2jets 0.011 0.67 1200 - 1280 5.0 0.6± 0.8
140 1e+1µ+4jets+/𝐸t[0Q] 0.015 0.68 630 - 1140 22.0 42.7± 7.6
141 1e+5jets+/𝐸t 0.0095 0.68 560 - 580 14.0 6.3± 1.0
142 1e+1µ+1γ[2Q] 0.097 0.69 220 - 230 1.0 0.1± 0.05
143 3e[3Q] 0.1 0.69 100 - 110 1.0 4.5 · 10−4 ± 1374.8 · 10−4
144 1µ+7jets 0.011 0.7 1460 - 1520 4.0 0.6± 0.5
145 3µ+1jet+/𝐸t[1Q] 0.038 0.71 220 - 310 0.0 3.7± 1.0
146 1µ+5jets 0.0072 0.71 530 - 550 6.0 18.8± 3.7
147 2e+1µ+2jets+/𝐸t[1Q] 0.055 0.72 530 - 590 2.0 0.4± 0.1
148 1e+1µ+1γ+1jet[0Q] 0.089 0.72 300 - 310 1.0 0.09± 0.05
149 1e+1jet+/𝐸t 0.0035 0.73 760 - 880 165.0 269.1± 35.8
150 2µ+1γ+1jet[0Q] 0.023 0.74 700 - 800 2.0 0.01± 0.2
151 2e+/𝐸t[2Q] 0.037 0.75 220 - 230 4.0 1.0± 0.5
152 1e+1µ+4jets[0Q] 0.016 0.76 930 - 1110 0.0 4.7± 1.0
153 1µ+7jets+/𝐸t 0.015 0.76 1140 - 1410 0.0 5.0± 1.3
154 2µ+2jets[0Q] 0.016 0.76 1210 - 1790 57.0 93.9± 14.7
155 1e+1µ+2jets+/𝐸t[2Q] 0.044 0.78 340 - 400 0.0 3.8± 1.2
156 1µ+2γ 0.094 0.79 180 - 190 1.0 0.04± 0.1
157 2e+3jets[0Q] 0.0064 0.79 1240 - 1390 15.0 35.1± 6.3
158 1e+1γ+5jets+/𝐸t 0.054 0.79 1080 - 1110 1.0 2.0 · 10−4 ± 704.6 · 10−4
159 1e+/𝐸t 0.0095 0.8 1510 - 1660 2.0 0.1± 0.04
160 1µ+2jets+/𝐸t 6.37 · 10−4 0.81 1250 - 1810 49.0 124.6± 22.0
161 2e+1γ+/𝐸t[2Q] 0.12 0.81 210 - 220 1.0 0.1± 0.1
162 1µ+6jets 0.011 0.81 770 - 960 13.0 30.4± 6.0
163 3µ+2jets+/𝐸t[1Q] 0.089 0.82 470 - 530 2.0 0.5± 0.1
164 1e+2µ+/𝐸t[1Q] 0.05 0.84 240 - 260 4.0 1.3± 0.3
165 2µ+2jets+/𝐸t[0Q] 0.026 0.85 630 - 710 27.0 46.8± 7.9
166 2µ+4jets[0Q] 0.012 0.85 1150 - 1500 18.0 38.8± 7.4
167 1e+2µ[1Q] 0.044 0.86 210 - 230 10.0 4.7± 1.4
168 1e+1µ+3jets[0Q] 0.022 0.87 760 - 820 2.0 8.1± 1.4
169 2µ+3jets+/𝐸t[0Q] 0.023 0.87 1090 - 4890 2.0 9.4± 2.5
170 1e+7jets 0.031 0.88 1630 - 1690 2.0 0.2± 0.2
171 1e+2µ+1jet+/𝐸t[1Q] 0.066 0.88 230 - 310 0.0 3.0± 0.7
172 2µ+5jets+/𝐸t[0Q] 0.051 0.89 2050 - 2100 1.0 0.0± 0.07
173 2e+5jets+/𝐸t[0Q] 0.056 0.89 630 - 870 1.0 5.2± 1.2
174 1µ+1γ+1jet+/𝐸t 0.047 0.89 580 - 2640 1.0 8.8± 4.3
175 1e+2µ+1jet[1Q] 0.041 0.89 430 - 440 2.0 0.3± 0.1
176 1e+1µ+3jets[2Q] 0.063 0.9 840 - 860 1.0 0.03± 0.07
177 1e+2µ+2jets+/𝐸t[1Q] 0.11 0.91 590 - 610 1.0 0.1± 0.04
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
178 2e+1µ+2jets[1Q] 0.092 0.91 540 - 560 1.0 0.1± 0.03
179 1e+1µ+1jet[0Q] 0.033 0.91 480 - 500 12.0 6.1± 1.1
180 1e+1γ+/𝐸t 0.046 0.92 570 - 590 2.0 0.07± 0.3
181 2e+4jets[2Q] 0.044 0.92 590 - 610 1.0 0.003± 0.06
182 1e+1µ+1jet+/𝐸t[0Q] 0.04 0.93 810 - 1320 0.0 3.6± 0.8
183 2µ+2jets[2Q] 0.12 0.93 420 - 440 1.0 0.1± 0.05
184 1µ+3jets 0.025 0.94 240 - 250 132.0 94.6± 15.4
185 1e+1µ+5jets[0Q] 0.058 0.94 770 - 890 3.0 0.8± 0.3
186 2e+1γ[2Q] 0.05 0.94 580 - 590 1.0 2.5 · 10−4 ± 646.2 · 10−4
187 3e+2jets+/𝐸t[1Q] 0.11 0.95 530 - 550 1.0 0.1± 0.07
188 1e+1µ+2jets+/𝐸t[0Q] 0.044 0.95 860 - 890 6.0 2.4± 0.6
189 1e+1µ+5jets+/𝐸t[0Q] 0.086 0.96 640 - 730 0.0 2.6± 0.6
190 1e+1µ+1jet+/𝐸t[2Q] 0.078 0.96 480 - 500 2.0 0.3± 0.4
191 1e+2µ+2jets[1Q] 0.1 0.97 330 - 340 1.0 0.01± 0.1
192 1e+1µ+3jets+/𝐸t[0Q] 0.05 0.98 620 - 640 5.0 11.3± 1.8
193 1µ+1jet+/𝐸t 0.0019 0.98 660 - 720 291.0 440.8± 48.5
194 2e+2jets[0Q] 9.15 · 10−4 0.98 1220 - 1280 9.0 31.6± 5.9
195 2e+2jets[2Q] 0.039 0.98 2330 - 2360 1.0 0.0± 0.05
196 2µ+3jets[0Q] 0.04 0.99 1720 - 2150 4.0 11.8± 3.0
197 1µ+4jets 0.049 0.99 2380 - 2440 2.0 0.1± 0.3
198 2e[2Q] 0.026 0.99 930 - 960 2.0 4.7 · 10−4 ± 2576.7 · 10−4
199 1e+3jets+/𝐸t 0.018 0.99 1630 - 1910 4.0 19.6± 6.6
200 4µ[0Q] 0.19 1.0 270 - 280 1.0 0.2± 0.07
201 1e+1γ 0.055 1.0 430 - 470 1.0 8.5± 4.4
202 1e+2jets 0.035 1.0 2540 - 4040 2.0 24.8± 20.1
203 1e+1γ+1jet+/𝐸t 0.092 1.0 280 - 320 26.0 15.0± 6.5
204 2e+4jets[0Q] 0.042 1.0 1420 - 1990 11.0 23.3± 5.4
205 1e+3jets 0.044 1.0 310 - 350 301.0 213.0± 48.6
206 1e+1γ+3jets 0.09 1.0 770 - 790 4.0 0.7± 1.3
207 2e[0Q] 0.023 1.0 530 - 550 3.0 9.7± 1.6
208 1µ+1jet 0.054 1.0 1070 - 1130 10.0 3.9± 2.4
209 1e+1jet 0.056 1.0 760 - 780 636.0 274.9± 218.4
210 1e+1γ+1jet 0.15 1.0 1460 - 1480 1.0 0.005± 0.2
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C.3.2.2 Inclusive Event Classes
Table C.12: Full list of the detailed scan of the inclusive combined mass distributions in all considered event
classes in 2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by
decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets+X[0Q] 2.67 · 10−6 3.49 · 10−4 960 - 980 2.0 9.0 · 10−5 ± 227.9 · 10−5
2 1e+1µ+1γ+3jets+/𝐸t+X[0Q] 1.97 · 10−5 6.13 · 10−4 630 - 710 2.0 6.0 · 10−4 ± 60.5 · 10−4
3 2µ+X[2Q] 1.08 · 10−5 6.96 · 10−4 60 - 70 30.0 9.1± 2.3
4 2µ+4jets+/𝐸t+X[2Q] 1.42 · 10−5 7.48 · 10−4 630 - 660 3.0 0.04± 0.02
5 2µ+1γ+X[0Q] 2.10 · 10−5 0.0019 330 - 350 5.0 0.1± 0.2
6 2e+1µ+1γ+/𝐸t+X[1Q] 6.02 · 10−4 0.0053 700 - 720 1.0 0.0± 7.5 · 10−4
7 1e+1µ+1γ+2jets+/𝐸t+X[0Q] 2.04 · 10−4 0.0074 590 - 730 3.0 0.08± 0.05
8 1µ+2γ+1jet+X 2.71 · 10−4 0.0076 300 - 310 2.0 0.01± 0.02
9 2e+1γ+X[0Q] 2.16 · 10−5 0.011 240 - 250 9.0 0.8± 0.6
10 3e+1jet+X[3Q] 3.57 · 10−4 0.011 1770 - 1790 1.0 0.0± 4.5 · 10−4
11 2µ+2jets+/𝐸t+X[2Q] 3.57 · 10−4 0.018 470 - 550 7.0 1.1± 0.3
12 2e+1γ+1jet+/𝐸t+X[0Q] 3.64 · 10−4 0.018 560 - 780 4.0 0.3± 0.1
13 2e+1µ+1γ+1jet+/𝐸t+X[1Q] 0.002 0.02 810 - 830 1.0 4.3 · 10−4 ± 22.4 · 10−4
14 2µ+4jets+X[2Q] 5.40 · 10−4 0.023 660 - 680 2.0 0.03± 0.02
15 2e+1µ+3jets+X[1Q] 5.23 · 10−4 0.024 910 - 1010 3.0 0.1± 0.05
16 2e+1γ+1jet+X[0Q] 5.40 · 10−5 0.026 240 - 250 8.0 0.5± 0.6
17 2e+1µ+1γ+1jet+X[1Q] 0.0016 0.027 590 - 600 1.0 3.9 · 10−4 ± 18.1 · 10−4
18 1e+1µ+1γ+X[0Q] 6.13 · 10−4 0.034 210 - 220 4.0 0.3± 0.1
19 2e+1γ+2jets+X[2Q] 0.0011 0.035 670 - 790 2.0 0.04± 0.03
20 1e+1µ+6jets+/𝐸t+X[0Q] 9.33 · 10−4 0.041 810 - 870 3.0 0.1± 0.08
21 2e+1γ+2jets+X[0Q] 2.91 · 10−4 0.042 590 - 930 6.0 0.6± 0.3
22 1e+1µ+1jet+X[2Q] 4.81 · 10−4 0.045 270 - 280 14.0 4.1± 1.0
23 4e+/𝐸t+X[0Q] 0.0051 0.045 240 - 250 1.0 0.003± 0.005
24 3e+4jets+X[1Q] 0.0013 0.048 1210 - 1240 1.0 2.2 · 10−4 ± 15.5 · 10−4
25 2e+1µ+1jet+X[3Q] 0.0022 0.049 480 - 490 1.0 4.9 · 10−4 ± 25.6 · 10−4
26 1µ+2γ+2jets+/𝐸t+X 0.0016 0.049 530 - 550 1.0 0.0± 0.002
27 1e+2µ+1γ+X[1Q] 0.0019 0.05 310 - 330 2.0 0.05± 0.03
28 2e+5jets+X[2Q] 0.0015 0.05 2410 - 2450 1.0 0.0± 0.002
29 2e+2µ+/𝐸t+X[0Q] 0.0049 0.051 210 - 220 1.0 0.003± 0.005
30 2e+1µ+1γ+X[1Q] 0.0037 0.051 410 - 420 1.0 0.001± 0.004
31 2µ+3jets+/𝐸t+X[2Q] 0.0015 0.051 560 - 600 3.0 0.2± 0.06
32 3e+X[3Q] 0.0013 0.054 570 - 580 1.0 2.3 · 10−4 ± 14.8 · 10−4
33 3e+1jet+X[1Q] 3.53 · 10−4 0.057 160 - 220 10.0 1.8± 0.8
34 2µ+/𝐸t+X[2Q] 0.0011 0.057 100 - 110 9.0 2.2± 0.5
35 1e+1µ+1γ+/𝐸t+X[0Q] 0.0019 0.06 400 - 660 3.0 0.2± 0.1
36 1e+1µ+/𝐸t+X[0Q] 8.55 · 10−4 0.06 60 - 70 15.0 39.9± 6.1
37 1µ+2γ+2jets+X 0.002 0.075 410 - 420 1.0 0.0± 0.003
38 1e+1µ+3jets+X[2Q] 7.56 · 10−4 0.076 300 - 320 3.0 0.09± 0.1
39 2e+1γ+4jets+X[0Q] 0.0018 0.086 680 - 700 1.0 0.0± 0.002
40 2µ+1γ+3jets+X[0Q] 0.0017 0.087 960 - 1110 2.0 0.05± 0.03
41 2µ+1γ+/𝐸t+X[0Q] 0.0025 0.098 220 - 260 6.0 1.1± 0.4
42 2µ+1γ+2jets+X[0Q] 3.72 · 10−4 0.1 520 - 540 3.0 0.06± 0.09
43 1µ+9jets+/𝐸t+X 0.0019 0.11 640 - 670 1.0 0.0± 0.002
44 3µ+3jets+X[1Q] 0.0023 0.11 550 - 590 2.0 0.06± 0.03
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1µ+1γ+4jets+/𝐸t+X 0.0023 0.11 2140 - 2190 1.0 0.0± 0.003
46 1e+1µ+1γ+3jets+X[0Q] 0.0034 0.11 830 - 850 1.0 0.0± 0.004
47 1e+1µ+1γ+1jet+/𝐸t+X[0Q] 0.0046 0.11 460 - 640 3.0 0.3± 0.1
48 1µ+1γ+6jets+/𝐸t+X 0.0072 0.11 780 - 810 1.0 0.005± 0.006
49 1e+1µ+5jets+X[2Q] 0.0035 0.12 1050 - 1080 1.0 7.9 · 10−4 ± 40.3 · 10−4
50 2µ+3jets+X[2Q] 0.0025 0.13 220 - 230 1.0 0.0± 0.003
51 1µ+4jets+X 5.48 · 10−4 0.13 2380 - 2440 6.0 0.7± 0.4
52 1µ+9jets+X 0.0016 0.14 790 - 810 1.0 0.0± 0.002
53 2e+1γ+1jet+X[2Q] 0.002 0.14 390 - 560 5.0 0.6± 0.4
54 1µ+8jets+/𝐸t+X 0.0021 0.14 580 - 610 1.0 0.0± 0.003
55 2µ+1jet+X[2Q] 0.0021 0.14 70 - 120 5.0 0.8± 0.3
56 2e+1jet+/𝐸t+X[2Q] 0.0013 0.15 400 - 500 25.0 8.1± 3.5
57 2e+2jets+/𝐸t+X[2Q] 0.0021 0.15 500 - 900 20.0 7.2± 2.4
58 2e+6jets+/𝐸t+X[0Q] 0.0036 0.15 840 - 870 2.0 0.08± 0.04
59 2e+1µ+3jets+/𝐸t+X[1Q] 0.0086 0.16 1190 - 1220 1.0 0.007± 0.006
60 1e+1µ+1γ+2jets+X[0Q] 0.0047 0.16 760 - 880 2.0 0.08± 0.05
61 2e+1µ+/𝐸t+X[1Q] 0.0033 0.17 270 - 400 0.0 7.2± 1.7
62 1e+2γ+3jets+X 0.0091 0.17 1040 - 1080 1.0 0.005± 0.008
63 3e+X[1Q] 0.0011 0.18 460 - 490 5.0 0.7± 0.2
64 3e+3jets+X[1Q] 0.0066 0.18 1100 - 1120 1.0 0.002± 0.007
65 1µ+1γ+5jets+X 0.0041 0.18 830 - 850 2.0 0.07± 0.05
66 1e+1µ+1γ+/𝐸t+X[2Q] 0.0086 0.18 600 - 620 1.0 0.007± 0.007
67 3µ+2jets+X[1Q] 0.0037 0.19 450 - 510 5.0 0.9± 0.2
68 2e+1jet+/𝐸t+X[0Q] 0.0016 0.19 560 - 600 13.0 36.7± 6.4
69 1µ+8jets+X 0.0019 0.19 710 - 730 1.0 0.0± 0.002
70 1e+1µ+3jets+/𝐸t+X[2Q] 0.0052 0.2 1020 - 1140 2.0 0.1± 0.04
71 2e+4jets+X[2Q] 0.0016 0.2 690 - 730 3.0 0.2± 0.1
72 1µ+1γ+X 0.005 0.21 290 - 300 11.0 3.0± 1.5
73 3e+3jets+/𝐸t+X[1Q] 0.018 0.21 510 - 650 2.0 0.2± 0.06
74 1e+1µ+4jets+X[2Q] 0.0048 0.21 1630 - 1670 1.0 4.9 · 10−4 ± 58.2 · 10−4
75 2e+7jets+/𝐸t+X[0Q] 0.039 0.22 870 - 900 1.0 0.03± 0.03
76 1e+1µ+4jets+/𝐸t+X[2Q] 0.0099 0.22 960 - 1110 2.0 0.1± 0.06
77 2µ+1γ+/𝐸t+X[2Q] 0.024 0.22 220 - 230 1.0 0.02± 0.02
78 2µ+2jets+X[2Q] 0.0047 0.23 460 - 480 4.0 0.6± 0.2
79 1µ+1γ+2jets+X 0.0023 0.23 1070 - 1280 11.0 2.5± 1.4
80 1µ+2γ+/𝐸t+X 0.013 0.23 250 - 260 1.0 0.007± 0.01
81 1µ+2γ+1jet+/𝐸t+X 0.04 0.24 440 - 460 1.0 0.03± 0.03
82 1e+8jets+/𝐸t+X 0.014 0.24 900 - 930 1.0 1.7 · 10−5 ± 1742.9 · 10−5
83 2e+1γ+/𝐸t+X[0Q] 0.01 0.25 670 - 690 1.0 0.006± 0.009
84 3e+1γ+X[1Q] 0.014 0.27 400 - 410 1.0 0.01± 0.01
85 2e+4jets+/𝐸t+X[2Q] 0.006 0.27 490 - 740 5.0 0.9± 0.4
86 1µ+1γ+1jet+X 0.0054 0.28 700 - 740 7.0 1.4± 0.9
87 1e+1µ+1γ+1jet+X[0Q] 0.0091 0.28 660 - 800 2.0 0.1± 0.06
88 1e+2γ+X 0.0077 0.29 340 - 360 2.0 0.02± 0.1
89 2µ+X[0Q] 0.0072 0.29 480 - 520 21.0 44.8± 7.8
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 2µ+1γ+X[2Q] 0.029 0.29 100 - 110 1.0 0.03± 0.02
91 2e+1γ+2jets+/𝐸t+X[2Q] 0.089 0.3 630 - 650 1.0 0.04± 0.1
92 2e+1γ+/𝐸t+X[2Q] 0.017 0.3 210 - 220 2.0 0.2± 0.1
93 2e+2µ+1jet+X[0Q] 0.018 0.32 550 - 560 1.0 0.02± 0.01
94 2e+2γ+X[0Q] 0.0098 0.33 340 - 350 1.0 0.002± 0.01
95 1µ+1γ+3jets+X 0.0041 0.34 540 - 560 10.0 2.7± 1.2
96 3µ+1jet+X[1Q] 0.0064 0.34 240 - 320 1.0 9.5± 2.4
97 1e+1γ+4jets+X 0.0045 0.35 1030 - 1120 3.0 0.2± 0.2
98 2e+3jets+/𝐸t+X[2Q] 0.0095 0.35 830 - 1130 4.0 0.6± 0.4
99 3e+2jets+/𝐸t+X[1Q] 0.014 0.36 530 - 550 2.0 0.2± 0.08
100 1µ+1γ+6jets+X 0.042 0.36 870 - 910 1.0 0.03± 0.03
101 1µ+1γ+4jets+X 0.0061 0.36 410 - 450 3.0 0.3± 0.2
102 1e+9jets+X 0.04 0.36 1960 - 2000 1.0 0.03± 0.03
103 1e+1µ+7jets+/𝐸t+X[0Q] 0.039 0.36 1050 - 1080 1.0 0.03± 0.03
104 2e+1µ+X[3Q] 0.036 0.37 180 - 190 1.0 0.04± 0.02
105 1e+1γ+3jets+/𝐸t+X 0.0076 0.37 600 - 660 11.0 3.2± 1.6
106 2µ+5jets+X[0Q] 0.0033 0.37 1860 - 2210 4.0 0.5± 0.3
107 1µ+6jets+/𝐸t+X 0.0036 0.37 1050 - 1210 7.0 29.6± 7.4
108 2µ+1γ+1jet+/𝐸t+X[0Q] 0.021 0.38 270 - 330 4.0 0.9± 0.4
109 1e+1µ+7jets+X[0Q] 0.04 0.38 1510 - 1540 1.0 0.03± 0.03
110 2e+2µ+X[0Q] 0.013 0.39 160 - 180 2.0 0.2± 0.06
111 3e+/𝐸t+X[1Q] 0.011 0.39 170 - 220 24.0 11.7± 3.0
112 1e+1µ+6jets+X[0Q] 0.011 0.39 710 - 730 1.0 0.004± 0.01
113 1e+1µ+1γ+1jet+X[2Q] 0.013 0.4 450 - 470 2.0 0.04± 0.2
114 1e+1γ+4jets+/𝐸t+X 0.012 0.41 590 - 610 2.0 0.08± 0.1
115 1µ+1γ+2jets+/𝐸t+X 0.0082 0.41 600 - 640 11.0 3.4± 1.6
116 1µ+/𝐸t+X 0.011 0.42 860 - 6580 3.0 10.7± 1.5
117 1µ+7jets+/𝐸t+X 0.0044 0.43 2190 - 2240 1.0 2.6 · 10−5 ± 552.2 · 10−5
118 1µ+7jets+X 0.0028 0.45 1580 - 2300 1.0 18.3± 5.9
119 2µ+2jets+/𝐸t+X[0Q] 0.0068 0.46 950 - 1170 8.0 23.7± 4.9
120 2e+5jets+X[0Q] 0.0023 0.47 740 - 800 8.0 1.7± 0.8
121 1e+7jets+/𝐸t+X 0.017 0.49 1600 - 1680 2.0 0.1± 0.1
122 3µ+2jets+/𝐸t+X[1Q] 0.024 0.49 510 - 530 2.0 0.2± 0.07
123 2e+2jets+/𝐸t+X[0Q] 0.006 0.5 1440 - 1530 4.0 0.4± 0.4
124 2µ+1jet+/𝐸t+X[2Q] 0.015 0.52 180 - 210 6.0 1.8± 0.5
125 2e+1µ+2jets+/𝐸t+X[1Q] 0.026 0.52 1140 - 1170 1.0 0.03± 0.01
126 2µ+1jet+X[0Q] 0.012 0.53 1000 - 1280 63.0 103.4± 15.3
127 2e+1γ+1jet+/𝐸t+X[2Q] 0.086 0.53 440 - 460 1.0 0.03± 0.1
128 1e+1γ+2jets+/𝐸t+X 0.011 0.54 540 - 600 17.0 6.5± 2.8
129 2e+3jets+X[2Q] 0.0081 0.54 1150 - 1360 9.0 2.5± 1.2
130 1µ+2γ+X 0.074 0.55 180 - 230 2.0 0.3± 0.3
131 4e+X[0Q] 0.032 0.55 290 - 370 3.0 0.6± 0.2
132 1e+6jets+/𝐸t+X 0.0091 0.56 960 - 1140 5.0 16.9± 3.6
133 2e+3jets+/𝐸t+X[0Q] 0.0073 0.57 1040 - 1070 5.0 0.9± 0.5
134 1µ+4jets+/𝐸t+X 0.0079 0.57 1800 - 1900 5.0 1.0± 0.5
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
135 2µ+1jet+/𝐸t+X[0Q] 0.013 0.57 990 - 1020 4.0 0.7± 0.4
136 3µ+3jets+/𝐸t+X[1Q] 0.055 0.58 570 - 590 1.0 0.06± 0.02
137 1µ+1γ+3jets+/𝐸t+X 0.017 0.58 320 - 400 17.0 6.6± 3.2
138 1e+1µ+/𝐸t+X[2Q] 0.017 0.58 110 - 120 14.0 5.4± 2.3
139 4µ+1jet+X[0Q] 0.036 0.58 390 - 400 1.0 0.04± 0.02
140 2µ+6jets+/𝐸t+X[0Q] 0.052 0.6 870 - 900 1.0 0.04± 0.05
141 1e+1µ+4jets+/𝐸t+X[0Q] 0.011 0.6 590 - 610 0.0 4.8± 0.9
142 2e+3jets+X[0Q] 0.003 0.61 1870 - 1900 5.0 0.2± 0.7
143 1e+1µ+1jet+/𝐸t+X[0Q] 0.012 0.61 700 - 720 1.0 7.2± 1.4
144 1µ+6jets+X 0.0061 0.61 1500 - 2020 17.0 56.5± 14.7
145 1e+/𝐸t+X 0.0063 0.61 770 - 870 20.0 9.6± 1.6
146 1µ+5jets+/𝐸t+X 0.01 0.61 1000 - 1060 15.0 36.8± 7.8
147 2e+1µ+X[1Q] 0.014 0.62 580 - 610 2.0 0.2± 0.05
148 3µ+1jet+/𝐸t+X[1Q] 0.024 0.62 220 - 310 0.0 4.3± 1.1
149 2µ+4jets+/𝐸t+X[0Q] 0.014 0.67 490 - 510 9.0 3.4± 0.8
150 1e+2γ+1jet+X 0.029 0.67 620 - 630 1.0 5.9 · 10−4 ± 369.7 · 10−4
151 1µ+1γ+/𝐸t+X 0.026 0.67 340 - 380 11.0 4.3± 1.9
152 1e+2µ+/𝐸t+X[1Q] 0.025 0.7 70 - 80 1.0 0.02± 0.02
153 1e+1µ+3jets+X[0Q] 0.01 0.7 1060 - 1120 3.0 11.8± 2.3
154 3µ+/𝐸t+X[1Q] 0.028 0.7 620 - 640 1.0 0.03± 0.01
155 2e+/𝐸t+X[2Q] 0.025 0.7 220 - 230 8.0 2.8± 1.2
156 2µ+2jets+X[0Q] 0.015 0.71 1460 - 1670 21.0 40.6± 7.0
157 2e+/𝐸t+X[0Q] 0.021 0.71 30 - 40 25.0 12.7± 3.9
158 3e+2jets+X[1Q] 0.024 0.71 1150 - 1230 2.0 0.1± 0.2
159 1µ+5jets+X 0.0099 0.71 530 - 550 20.0 40.6± 6.8
160 2e+1µ+2jets+X[1Q] 0.031 0.72 540 - 580 3.0 0.6± 0.2
161 1µ+1γ+1jet+/𝐸t+X 0.028 0.73 340 - 360 46.0 24.7± 9.0
162 2µ+5jets+/𝐸t+X[0Q] 0.021 0.73 2050 - 2100 1.0 0.0± 0.03
163 1e+1γ+5jets+X 0.025 0.73 1430 - 1460 1.0 5.9 · 10−6 ± 31337.7 · 10−6
164 2e+6jets+X[0Q] 0.03 0.74 1450 - 1630 2.0 0.2± 0.1
165 1e+1µ+4jets+X[0Q] 0.012 0.74 1950 - 2030 3.0 0.4± 0.2
166 1e+8jets+X 0.038 0.75 2050 - 2130 2.0 0.3± 0.1
167 1e+2µ+3jets+X[1Q] 0.043 0.75 900 - 920 1.0 0.04± 0.03
168 1e+1µ+3jets+/𝐸t+X[0Q] 0.018 0.76 990 - 1050 0.0 4.5± 1.0
169 1e+1γ+/𝐸t+X 0.025 0.76 550 - 590 3.0 0.2± 0.5
170 1e+2γ+2jets+X 0.04 0.77 870 - 890 1.0 0.0± 0.05
171 1e+2µ+1jet+/𝐸t+X[1Q] 0.038 0.77 230 - 310 0.0 3.7± 0.9
172 1e+4jets+/𝐸t+X 0.013 0.77 400 - 420 19.0 9.7± 1.7
173 1µ+1γ+5jets+/𝐸t+X 0.15 0.77 700 - 730 1.0 0.2± 0.08
174 2e+1µ+1jet+/𝐸t+X[1Q] 0.041 0.78 440 - 640 0.0 3.6± 0.9
175 1e+1µ+2jets+X[0Q] 0.016 0.78 410 - 430 78.0 121.8± 17.9
176 1e+1µ+2jets+/𝐸t+X[0Q] 0.021 0.78 920 - 1070 5.0 14.2± 3.0
177 1e+5jets+/𝐸t+X 0.014 0.78 1120 - 1210 7.0 24.4± 6.9
178 1e+1γ+5jets+/𝐸t+X 0.054 0.79 1080 - 1110 1.0 2.0 · 10−4 ± 704.6 · 10−4
179 1e+1µ+5jets+/𝐸t+X[0Q] 0.034 0.79 760 - 820 5.0 1.7± 0.4
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
180 1e+1µ+X[0Q] 0.029 0.79 670 - 700 4.0 1.0± 0.4
181 1e+1µ+X[2Q] 0.037 0.8 220 - 240 23.0 12.0± 4.2
182 2µ+/𝐸t+X[0Q] 0.031 0.8 430 - 490 9.0 19.7± 3.9
183 2µ+1γ+1jet+X[0Q] 0.027 0.81 390 - 460 2.0 14.1± 5.8
184 1e+2µ+2jets+/𝐸t+X[1Q] 0.074 0.81 250 - 590 0.0 2.9± 0.7
185 3µ+X[1Q] 0.03 0.82 440 - 450 2.0 0.3± 0.08
186 2µ+3jets+/𝐸t+X[0Q] 0.019 0.82 910 - 940 0.0 5.0± 1.4
187 1e+7jets+X 0.017 0.83 1030 - 1240 0.0 4.5± 0.9
188 1e+1µ+2jets+X[2Q] 0.023 0.83 550 - 630 11.0 4.7± 1.3
189 1µ+3jets+/𝐸t+X 0.011 0.83 1710 - 1810 6.0 1.2± 0.9
190 2e+1jet+X[2Q] 0.013 0.84 480 - 490 16.0 6.0± 2.8
191 1e+2µ+X[1Q] 0.031 0.84 370 - 550 1.0 6.4± 1.7
192 1e+1µ+1γ+1jet+/𝐸t+X[2Q] 0.092 0.84 720 - 740 1.0 0.006± 0.1
193 1e+1µ+1jet+X[0Q] 0.028 0.85 1350 - 1450 3.0 0.2± 0.5
194 1µ+2jets+/𝐸t+X 0.0027 0.85 1290 - 1330 9.0 36.8± 9.0
195 1e+1µ+1γ+X[2Q] 0.1 0.86 140 - 150 2.0 0.5± 0.3
196 3e+1jet+/𝐸t+X[1Q] 0.05 0.86 480 - 500 2.0 0.3± 0.1
197 1e+1µ+2jets+/𝐸t+X[2Q] 0.045 0.87 340 - 400 1.0 5.9± 1.6
198 2µ+3jets+X[0Q] 0.019 0.87 1720 - 1920 4.0 13.7± 3.4
199 1e+1γ+3jets+X 0.019 0.87 890 - 910 5.0 0.4± 1.1
200 2µ+6jets+X[0Q] 0.088 0.89 970 - 1000 1.0 0.08± 0.07
201 2e+5jets+/𝐸t+X[0Q] 0.05 0.89 630 - 750 0.0 3.3± 0.8
202 2e+7jets+X[0Q] 0.04 0.9 1440 - 1470 1.0 0.0± 0.05
203 2µ+4jets+X[0Q] 0.016 0.9 1780 - 1900 6.0 1.3± 1.0
204 1e+2jets+/𝐸t+X 0.011 0.9 1460 - 1540 5.0 24.0± 7.4
205 2e+1µ+1jet+X[1Q] 0.032 0.91 1040 - 1060 1.0 0.03± 0.02
206 2e+4jets+/𝐸t+X[0Q] 0.03 0.92 1220 - 1250 2.0 0.2± 0.1
207 2e+2jets+X[2Q] 0.024 0.92 1940 - 2360 2.0 0.03± 0.2
208 1e+1µ+5jets+X[0Q] 0.038 0.92 830 - 870 3.0 0.7± 0.2
209 1e+1γ+2jets+X 0.032 0.94 800 - 840 18.0 8.1± 3.7
210 1e+1µ+1jet+/𝐸t+X[2Q] 0.058 0.96 540 - 560 3.0 0.7± 0.4
211 2e+1γ+X[2Q] 0.05 0.96 580 - 590 1.0 6.8 · 10−4 ± 646.7 · 10−4
212 1µ+2jets+X 0.0044 0.96 2190 - 2840 13.0 49.2± 12.9
213 1e+6jets+X 0.025 0.96 880 - 910 0.0 4.6± 1.3
214 2e+4jets+X[0Q] 0.024 0.98 1630 - 1930 4.0 13.1± 3.2
215 1e+1γ+1jet+/𝐸t+X 0.058 0.98 520 - 540 7.0 2.4± 1.6
216 4µ+X[0Q] 0.15 0.99 300 - 310 1.0 0.2± 0.06
217 1µ+1jet+/𝐸t+X 0.002 1.0 690 - 750 503.0 734.7± 77.0
218 2e+2jets+X[0Q] 0.0025 1.0 1220 - 1280 22.0 53.4± 9.5
219 1e+1jet+/𝐸t+X 0.0065 1.0 1420 - 1680 5.0 25.3± 7.3
220 1µ+3jets+X 0.064 1.0 950 - 980 367.0 459.3± 56.8
221 1e+4jets+X 0.041 1.0 2020 - 2060 11.0 4.0± 2.6
222 1e+2µ+1jet+X[1Q] 0.089 1.0 360 - 390 1.0 5.7± 2.5
223 1e+5jets+X 0.05 1.0 1930 - 1970 8.0 3.0± 1.6
224 1e+2µ+2jets+X[1Q] 0.14 1.0 480 - 2190 3.0 6.9± 1.8
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The
given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
225 2e+1jet+X[0Q] 0.011 1.0 840 - 880 46.0 80.5± 12.7
226 2e+X[0Q] 0.012 1.0 530 - 550 5.0 14.6± 2.5
227 1e+1jet+X 0.033 1.0 0 - 30 22.0 40.2± 7.9
228 1e+3jets+/𝐸t+X 0.035 1.0 910 - 940 49.0 80.4± 15.1
229 1e+1γ+X 0.045 1.0 440 - 470 1.0 9.4± 4.7
230 1e+2jets+X 0.052 1.0 2540 - 2700 3.0 23.6± 20.5
231 1e+1γ+1jet+X 0.057 1.0 110 - 130 1.0 7.2± 3.2
232 1µ+1jet+X 0.065 1.0 820 - 910 460.0 568.6± 67.9
233 1e+3jets+X 0.092 1.0 2430 - 2510 2.0 9.4± 5.4
234 2e+X[2Q] 0.097 1.0 60 - 80 1.3 · 103 909.4± 336.6
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C.3.3 Missing Transverse Energy
C.3.3.1 Exclusive Event Classes
Table C.13: Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1µ+1γ+1jet+/𝐸t[1Q] 1.11 · 10−4 5.84 · 10−4 220 - 250 1.0 0.0± 1.4 · 10−4
2 2e+6jets+/𝐸t[0Q] 8.24 · 10−5 0.0018 170 - 200 2.0 0.006± 0.01
3 1e+1µ+1γ+3jets+/𝐸t[0Q] 7.91 · 10−4 0.0045 100 - 160 2.0 0.03± 0.03
4 1e+1µ+1jet+/𝐸t[2Q] 2.65 · 10−4 0.0087 70 - 100 24.0 8.1± 2.2
5 1e+1µ+1γ+/𝐸t[0Q] 0.0013 0.015 290 - 330 1.0 0.0± 0.002
6 1µ+2γ+2jets+/𝐸t 0.0052 0.019 180 - 210 1.0 0.0± 0.007
7 2µ+4jets+/𝐸t[2Q] 0.003 0.026 70 - 160 3.0 0.3± 0.08
8 4e+/𝐸t[0Q] 0.02 0.029 50 - 80 1.0 0.02± 0.01
9 1e+1µ+1γ+2jets+/𝐸t[0Q] 0.004 0.036 80 - 110 3.0 0.3± 0.1
10 1e+1γ+5jets+/𝐸t 0.0041 0.064 220 - 250 1.0 0.0± 0.005
11 2µ+1γ+/𝐸t[2Q] 0.024 0.064 80 - 110 1.0 0.02± 0.01
12 2e+2µ+/𝐸t[0Q] 0.048 0.067 50 - 80 1.0 0.05± 0.02
13 2e+1γ+/𝐸t[0Q] 0.0092 0.067 100 - 130 3.0 0.3± 0.2
14 1e+2jets+/𝐸t 6.23 · 10−5 0.067 490 - 570 8.0 0.4± 0.7
15 1e+8jets+/𝐸t 0.0074 0.071 220 - 250 1.0 4.0 · 10−4 ± 91.1 · 10−4
16 1e+1µ+4jets+/𝐸t[2Q] 0.011 0.079 170 - 200 1.0 0.006± 0.01
17 2e+7jets+/𝐸t[0Q] 0.018 0.094 70 - 100 1.0 0.01± 0.02
18 1e+1µ+7jets+/𝐸t[0Q] 0.021 0.1 90 - 120 1.0 0.01± 0.02
19 2e+1γ+1jet+/𝐸t[0Q] 0.013 0.1 90 - 120 3.0 0.4± 0.2
20 2µ+1γ+1jet+/𝐸t[0Q] 0.012 0.1 230 - 260 1.0 0.007± 0.01
21 2e+1µ+3jets+/𝐸t[1Q] 0.013 0.11 310 - 370 1.0 0.01± 0.009
22 2µ+1jet+/𝐸t[2Q] 0.0062 0.11 60 - 90 12.0 4.5± 1.1
23 1µ+1γ+5jets+/𝐸t 0.014 0.13 240 - 270 1.0 0.004± 0.02
24 1µ+1γ+4jets+/𝐸t 0.0078 0.13 190 - 220 2.0 0.1± 0.07
25 2µ+/𝐸t[2Q] 0.014 0.13 50 - 80 26.0 13.7± 3.1
26 2µ+2jets+/𝐸t[2Q] 0.017 0.16 60 - 90 6.0 1.8± 0.5
27 3e+3jets+/𝐸t[1Q] 0.052 0.17 60 - 120 2.0 0.4± 0.1
28 2e+3jets+/𝐸t[2Q] 0.014 0.18 120 - 160 4.0 0.7± 0.4
29 3µ+1jet+/𝐸t[1Q] 0.011 0.18 390 - 450 1.0 0.008± 0.009
30 2e+1γ+2jets+/𝐸t[2Q] 0.1 0.19 50 - 80 1.0 0.1± 0.06
31 1µ+1γ+6jets+/𝐸t 0.078 0.19 50 - 80 1.0 0.08± 0.05
32 1e+1jet+/𝐸t 0.001 0.25 330 - 410 47.0 20.5± 5.9
33 1e+1µ+4jets+/𝐸t[0Q] 0.009 0.26 210 - 240 6.0 1.6± 0.4
34 2e+2jets+/𝐸t[0Q] 0.012 0.27 230 - 310 0.0 5.3± 1.3
35 1e+7jets+/𝐸t 0.017 0.29 50 - 80 0.0 4.8± 1.2
36 2e+2jets+/𝐸t[2Q] 0.021 0.32 60 - 100 20.0 9.4± 3.3
37 2e+4jets+/𝐸t[2Q] 0.072 0.34 70 - 130 3.0 0.7± 0.6
38 1µ+1γ+3jets+/𝐸t 0.02 0.4 50 - 80 35.0 17.1± 6.7
39 2µ+4jets+/𝐸t[0Q] 0.016 0.4 160 - 1070 2.0 9.1± 1.9
40 1e+1γ+2jets+/𝐸t 0.026 0.42 130 - 170 8.0 2.3± 1.6
41 1e+1µ+6jets+/𝐸t[0Q] 0.074 0.42 200 - 230 1.0 0.07± 0.05
42 1e+1γ+4jets+/𝐸t 0.059 0.43 60 - 100 4.0 1.1± 0.7
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in 2011, considering
lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
43 1e+1µ+5jets+/𝐸t[0Q] 0.024 0.44 280 - 350 2.0 0.2± 0.09
44 1µ+9jets+/𝐸t 0.21 0.44 110 - 140 1.0 0.2± 0.1
45 1µ+/𝐸t 0.014 0.45 260 - 310 34.0 58.0± 8.4
46 1e+1µ+1γ+/𝐸t[2Q] 0.3 0.46 60 - 90 1.0 0.4± 0.2
47 2e+1µ+/𝐸t[1Q] 0.045 0.47 60 - 100 4.0 11.1± 2.6
48 1e+1µ+3jets+/𝐸t[2Q] 0.065 0.51 120 - 230 3.0 0.9± 0.3
49 1e+/𝐸t 0.018 0.52 150 - 180 796.0 615.9± 80.8
50 1e+1γ+3jets+/𝐸t 0.038 0.53 170 - 210 3.0 0.4± 0.5
51 1e+1γ+/𝐸t 0.032 0.53 210 - 290 3.0 0.4± 0.5
52 1µ+1jet+/𝐸t 0.0076 0.54 280 - 330 196.0 296.8± 38.6
53 3µ+3jets+/𝐸t[1Q] 0.24 0.55 60 - 90 1.0 0.3± 0.09
54 2e+/𝐸t[0Q] 0.036 0.58 160 - 200 14.0 7.0± 1.9
55 2e+5jets+/𝐸t[0Q] 0.05 0.58 90 - 1110 1.0 5.4± 1.3
56 2µ+/𝐸t[0Q] 0.041 0.6 290 - 410 3.0 0.5± 0.5
57 1µ+6jets+/𝐸t 0.028 0.63 190 - 1340 6.0 18.3± 5.2
58 2e+1jet+/𝐸t[2Q] 0.053 0.64 160 - 270 5.0 1.1± 1.3
59 1µ+7jets+/𝐸t 0.038 0.64 80 - 210 7.0 17.6± 4.5
60 1e+1µ+2jets+/𝐸t[0Q] 0.039 0.65 260 - 290 7.0 2.9± 0.6
61 1e+1µ+3jets+/𝐸t[0Q] 0.038 0.66 140 - 170 13.0 23.7± 3.8
62 2e+1jet+/𝐸t[0Q] 0.047 0.68 220 - 270 1.0 5.4± 1.2
63 2µ+1γ+/𝐸t[0Q] 0.21 0.68 80 - 120 2.0 0.8± 0.4
64 1µ+1γ+1jet+/𝐸t 0.052 0.68 140 - 170 17.0 8.5± 3.5
65 2µ+1jet+/𝐸t[0Q] 0.046 0.69 250 - 350 8.0 3.6± 0.9
66 3e+1jet+/𝐸t[1Q] 0.1 0.7 60 - 90 6.0 3.0± 0.8
67 1µ+8jets+/𝐸t 0.13 0.71 50 - 80 0.0 2.2± 0.5
68 1e+6jets+/𝐸t 0.048 0.73 170 - 220 0.0 3.3± 0.8
69 1µ+1γ+2jets+/𝐸t 0.065 0.73 310 - 430 3.0 0.05± 0.9
70 1µ+3jets+/𝐸t 0.022 0.74 370 - 490 14.0 37.2± 10.2
71 1e+3jets+/𝐸t 0.013 0.75 260 - 300 19.0 44.6± 10.0
72 2e+/𝐸t[2Q] 0.1 0.76 130 - 180 5.0 1.3± 1.7
73 1e+2µ+/𝐸t[1Q] 0.11 0.76 80 - 120 1.0 4.1± 1.0
74 1µ+5jets+/𝐸t 0.032 0.77 390 - 730 1.0 9.8± 4.3
75 3e+/𝐸t[1Q] 0.13 0.78 50 - 90 22.0 15.1± 3.9
76 1e+2µ+2jets+/𝐸t[1Q] 0.17 0.78 50 - 1190 1.0 3.4± 0.8
77 2e+1µ+1jet+/𝐸t[1Q] 0.11 0.78 90 - 1070 1.0 4.2± 1.0
78 1e+1µ+1jet+/𝐸t[0Q] 0.062 0.8 230 - 260 1.0 4.8± 0.9
79 2µ+3jets+/𝐸t[2Q] 0.2 0.8 120 - 150 1.0 0.2± 0.06
80 1e+1µ+/𝐸t[2Q] 0.11 0.8 50 - 80 71.0 45.1± 19.2
81 1µ+4jets+/𝐸t 0.035 0.8 190 - 230 95.0 139.9± 22.1
82 2e+1µ+2jets+/𝐸t[1Q] 0.17 0.81 70 - 160 0.0 1.9± 0.5
83 1µ+1γ+/𝐸t 0.085 0.84 170 - 950 1.0 6.1± 2.9
84 2e+3jets+/𝐸t[0Q] 0.073 0.85 120 - 150 16.0 26.1± 4.5
85 1e+4jets+/𝐸t 0.042 0.86 170 - 230 56.0 85.6± 14.6
86 2µ+2jets+/𝐸t[0Q] 0.073 0.87 200 - 240 6.0 12.4± 2.5
87 2µ+6jets+/𝐸t[0Q] 0.22 0.88 60 - 450 0.0 1.7± 0.5
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in 2011, considering
lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
88 3µ+/𝐸t[1Q] 0.15 0.88 100 - 130 0.0 2.0± 0.5
89 3e+2jets+/𝐸t[1Q] 0.24 0.88 50 - 1070 1.0 3.0± 0.9
90 1e+1µ+2jets+/𝐸t[2Q] 0.15 0.89 100 - 1460 2.0 5.7± 2.0
91 1e+1µ+/𝐸t[0Q] 0.11 0.9 140 - 220 15.0 23.9± 4.9
92 1e+5jets+/𝐸t 0.069 0.9 210 - 240 11.0 5.2± 2.4
93 2e+4jets+/𝐸t[0Q] 0.096 0.91 90 - 120 6.0 11.7± 2.3
94 1µ+2jets+/𝐸t 0.033 0.92 370 - 450 58.0 34.0± 10.8
95 3µ+2jets+/𝐸t[1Q] 0.24 0.92 130 - 160 1.0 0.3± 0.08
96 1e+1γ+1jet+/𝐸t 0.11 0.94 330 - 390 1.0 0.006± 0.1
97 2µ+5jets+/𝐸t[0Q] 0.15 0.94 70 - 140 3.0 6.4± 1.4
98 2µ+3jets+/𝐸t[0Q] 0.12 0.97 80 - 120 88.0 114.2± 18.9
99 1e+2µ+1jet+/𝐸t[1Q] 0.26 0.99 90 - 150 1.0 2.8± 0.7
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C.3.3.2 Inclusive Event Classes
Table C.14: Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in
2011, considering lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1e+1µ+1γ+2jets+/𝐸t+X[0Q] 1.43 · 10−4 0.0029 80 - 160 5.0 0.4± 0.1
2 2e+1µ+1γ+1jet+/𝐸t+X[1Q] 0.0013 0.0044 220 - 250 1.0 7.3 · 10−6 ± 1584.9 · 10−6
3 2e+1µ+1γ+/𝐸t+X[1Q] 0.0015 0.005 220 - 250 1.0 7.3 · 10−6 ± 1885.0 · 10−6
4 2e+6jets+/𝐸t+X[0Q] 3.13 · 10−4 0.0056 170 - 200 2.0 0.006± 0.02
5 1e+1µ+1γ+3jets+/𝐸t+X[0Q] 0.0013 0.0095 100 - 160 2.0 0.04± 0.03
6 2µ+1jet+/𝐸t+X[2Q] 6.33 · 10−4 0.015 60 - 90 24.0 9.1± 2.1
7 1µ+2γ+2jets+/𝐸t+X 0.0063 0.031 180 - 210 1.0 0.0± 0.008
8 2e+1γ+/𝐸t+X[0Q] 0.004 0.05 100 - 130 5.0 0.8± 0.4
9 1µ+2γ+1jet+/𝐸t+X 0.01 0.059 200 - 230 1.0 0.006± 0.009
10 1µ+1γ+4jets+/𝐸t+X 0.0047 0.062 190 - 270 3.0 0.3± 0.1
11 2µ+2jets+/𝐸t+X[2Q] 0.0037 0.067 60 - 90 10.0 3.1± 0.8
12 1e+1γ+5jets+/𝐸t+X 0.0042 0.067 220 - 250 1.0 1.5 · 10−5 ± 523.6 · 10−5
13 1e+2jets+/𝐸t+X 7.57 · 10−5 0.068 490 - 570 10.0 1.1± 0.8
14 4e+/𝐸t+X[0Q] 0.035 0.068 50 - 80 1.0 0.03± 0.02
15 1e+1µ+1γ+/𝐸t+X[0Q] 0.0049 0.078 100 - 330 5.0 0.9± 0.3
16 2µ+4jets+/𝐸t+X[2Q] 0.0096 0.079 70 - 160 3.0 0.4± 0.1
17 1e+1µ+1γ+1jet+/𝐸t+X[2Q] 0.012 0.086 220 - 250 1.0 0.004± 0.01
18 2e+7jets+/𝐸t+X[0Q] 0.017 0.086 70 - 100 1.0 0.01± 0.02
19 2e+2jets+/𝐸t+X[2Q] 0.0044 0.095 60 - 90 28.0 12.2± 3.8
20 1e+1µ+1γ+/𝐸t+X[2Q] 0.012 0.096 220 - 250 1.0 0.004± 0.01
21 1e+1µ+1γ+1jet+/𝐸t+X[0Q] 0.0082 0.097 80 - 160 5.0 1.1± 0.3
22 2e+1µ+3jets+/𝐸t+X[1Q] 0.013 0.11 310 - 370 1.0 0.01± 0.009
23 2µ+/𝐸t+X[2Q] 0.0057 0.12 60 - 90 41.0 21.6± 4.9
24 1µ+1γ+5jets+/𝐸t+X 0.014 0.13 240 - 270 1.0 0.004± 0.02
25 1e+8jets+/𝐸t+X 0.014 0.13 220 - 250 1.0 0.006± 0.01
26 1µ+2γ+/𝐸t+X 0.024 0.13 200 - 230 1.0 0.006± 0.03
27 2e+3jets+/𝐸t+X[2Q] 0.0085 0.15 60 - 160 16.0 6.5± 2.0
28 2e+2µ+/𝐸t+X[0Q] 0.09 0.15 50 - 80 1.0 0.09± 0.04
29 2µ+1γ+/𝐸t+X[2Q] 0.055 0.16 80 - 110 1.0 0.05± 0.03
30 1e+1µ+4jets+/𝐸t+X[0Q] 0.0054 0.17 280 - 350 5.0 1.0± 0.3
31 2µ+1γ+1jet+/𝐸t+X[0Q] 0.017 0.17 230 - 260 1.0 0.01± 0.02
32 1e+1γ+3jets+/𝐸t+X 0.0074 0.18 130 - 210 8.0 1.9± 1.1
33 1e+1γ+2jets+/𝐸t+X 0.0058 0.18 130 - 170 13.0 3.8± 2.0
34 1e+1µ+4jets+/𝐸t+X[2Q] 0.024 0.18 170 - 200 1.0 0.02± 0.01
35 1e+1µ+3jets+/𝐸t+X[2Q] 0.018 0.23 180 - 350 3.0 0.5± 0.1
36 1µ+1γ+6jets+/𝐸t+X 0.13 0.25 50 - 80 1.0 0.1± 0.07
37 2e+1γ+2jets+/𝐸t+X[2Q] 0.12 0.26 50 - 80 1.0 0.1± 0.07
38 2µ+1γ+/𝐸t+X[0Q] 0.026 0.26 230 - 260 1.0 0.02± 0.02
39 1e+1µ+7jets+/𝐸t+X[0Q] 0.086 0.27 90 - 120 1.0 0.04± 0.09
40 3e+3jets+/𝐸t+X[1Q] 0.08 0.27 60 - 120 2.0 0.5± 0.1
41 2e+1γ+1jet+/𝐸t+X[0Q] 0.04 0.28 90 - 230 4.0 1.1± 0.4
42 2µ+4jets+/𝐸t+X[0Q] 0.0089 0.29 200 - 470 0.0 5.6± 1.3
43 1e+1µ+1jet+/𝐸t+X[0Q] 0.012 0.31 260 - 290 16.0 7.5± 1.6
44 3µ+1jet+/𝐸t+X[1Q] 0.021 0.33 390 - 450 1.0 0.02± 0.01
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Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in 2011, considering
lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 2e+1µ+/𝐸t+X[1Q] 0.022 0.33 80 - 160 4.0 13.1± 3.1
46 2µ+3jets+/𝐸t+X[2Q] 0.05 0.36 60 - 160 5.0 1.9± 0.5
47 2e+1µ+2jets+/𝐸t+X[1Q] 0.039 0.36 310 - 370 1.0 0.04± 0.02
48 3µ+/𝐸t+X[1Q] 0.026 0.38 100 - 130 0.0 4.2± 1.1
49 1e+1µ+/𝐸t+X[0Q] 0.016 0.39 260 - 310 20.0 10.4± 2.1
50 2e+2jets+/𝐸t+X[0Q] 0.018 0.4 250 - 290 0.0 4.6± 1.1
51 1e+1γ+/𝐸t+X 0.019 0.43 280 - 350 3.0 0.4± 0.3
52 2e+1jet+/𝐸t+X[0Q] 0.021 0.44 250 - 290 1.0 6.6± 1.4
53 1e+1µ+6jets+/𝐸t+X[0Q] 0.074 0.44 200 - 230 1.0 0.07± 0.05
54 2e+1jet+/𝐸t+X[2Q] 0.025 0.45 60 - 100 89.0 49.1± 18.2
55 2e+4jets+/𝐸t+X[2Q] 0.091 0.45 70 - 130 3.0 0.8± 0.6
56 1e+3jets+/𝐸t+X 0.0057 0.47 450 - 530 6.0 1.0± 0.7
57 1µ+/𝐸t+X 0.0083 0.48 450 - 790 52.0 99.7± 18.0
58 1µ+9jets+/𝐸t+X 0.21 0.49 110 - 140 1.0 0.2± 0.1
59 1e+1µ+5jets+/𝐸t+X[0Q] 0.031 0.5 280 - 350 2.0 0.3± 0.1
60 1e+1γ+4jets+/𝐸t+X 0.076 0.5 130 - 160 2.0 0.2± 0.4
61 1e+1µ+2jets+/𝐸t+X[0Q] 0.023 0.5 260 - 410 19.0 10.2± 2.1
62 1e+1µ+3jets+/𝐸t+X[0Q] 0.025 0.53 280 - 410 8.0 3.1± 0.8
63 1e+1jet+/𝐸t+X 0.0099 0.54 270 - 300 116.0 188.9± 28.8
64 1e+2µ+2jets+/𝐸t+X[1Q] 0.076 0.55 50 - 1190 1.0 4.7± 1.2
65 1µ+1γ+3jets+/𝐸t+X 0.039 0.55 180 - 210 4.0 1.0± 0.6
66 1µ+3jets+/𝐸t+X 0.011 0.56 410 - 490 11.0 34.7± 9.2
67 1µ+1jet+/𝐸t+X 0.01 0.57 450 - 750 48.0 92.8± 17.4
68 2e+5jets+/𝐸t+X[0Q] 0.046 0.57 90 - 140 0.0 3.4± 0.8
69 1e+2µ+/𝐸t+X[1Q] 0.054 0.6 80 - 150 4.0 10.6± 2.5
70 2e+/𝐸t+X[0Q] 0.036 0.6 250 - 290 2.0 7.6± 1.6
71 2e+/𝐸t+X[2Q] 0.051 0.6 130 - 190 20.0 10.1± 4.3
72 3e+/𝐸t+X[1Q] 0.062 0.61 60 - 90 21.0 12.7± 3.3
73 2e+1µ+1jet+/𝐸t+X[1Q] 0.061 0.62 330 - 390 1.0 0.06± 0.03
74 1µ+8jets+/𝐸t+X 0.092 0.63 50 - 80 0.0 2.6± 0.7
75 3µ+3jets+/𝐸t+X[1Q] 0.29 0.63 60 - 90 1.0 0.4± 0.1
76 1µ+5jets+/𝐸t+X 0.022 0.65 350 - 730 2.0 12.8± 4.6
77 1e+7jets+/𝐸t+X 0.061 0.65 150 - 180 3.0 0.8± 0.2
78 2e+4jets+/𝐸t+X[0Q] 0.04 0.68 90 - 120 6.0 14.0± 2.8
79 1e+/𝐸t+X 0.022 0.7 270 - 300 156.0 228.5± 33.2
80 1e+5jets+/𝐸t+X 0.039 0.72 240 - 270 1.0 7.3± 2.7
81 1e+1µ+2jets+/𝐸t+X[2Q] 0.07 0.72 330 - 390 1.0 0.07± 0.03
82 1e+1γ+1jet+/𝐸t+X 0.051 0.75 120 - 180 30.0 14.8± 7.6
83 3e+1jet+/𝐸t+X[1Q] 0.094 0.75 60 - 90 8.0 4.3± 1.1
84 1µ+1γ+/𝐸t+X 0.065 0.78 200 - 230 8.0 3.3± 1.7
85 2µ+6jets+/𝐸t+X[0Q] 0.17 0.78 60 - 450 0.0 1.9± 0.6
86 2µ+/𝐸t+X[0Q] 0.055 0.78 330 - 410 6.0 2.5± 0.7
87 1µ+1γ+2jets+/𝐸t+X 0.074 0.78 180 - 210 8.0 3.5± 1.7
88 1e+2µ+1jet+/𝐸t+X[1Q] 0.095 0.79 90 - 1190 2.0 6.0± 1.4
89 2µ+2jets+/𝐸t+X[0Q] 0.057 0.79 250 - 330 4.0 10.2± 2.2
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Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in 2011, considering
lepton charge. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has
been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 1µ+6jets+/𝐸t+X 0.052 0.81 190 - 1610 10.0 22.5± 6.2
91 2µ+5jets+/𝐸t+X[0Q] 0.087 0.84 70 - 990 5.0 10.8± 2.4
92 1e+1µ+1jet+/𝐸t+X[2Q] 0.083 0.85 70 - 100 31.0 20.7± 5.2
93 1µ+1γ+1jet+/𝐸t+X 0.098 0.89 200 - 230 7.0 3.2± 1.6
94 1µ+4jets+/𝐸t+X 0.057 0.89 410 - 470 3.0 12.4± 5.1
95 1e+4jets+/𝐸t+X 0.054 0.9 300 - 350 12.0 5.8± 2.2
96 2µ+3jets+/𝐸t+X[0Q] 0.086 0.91 170 - 890 20.0 31.6± 6.1
97 2e+3jets+/𝐸t+X[0Q] 0.089 0.91 450 - 510 1.0 0.03± 0.1
98 1µ+2jets+/𝐸t+X 0.044 0.92 430 - 670 40.0 69.5± 15.4
99 1µ+7jets+/𝐸t+X 0.11 0.95 150 - 210 1.0 4.2± 1.0
100 1e+6jets+/𝐸t+X 0.14 0.98 150 - 180 8.0 4.7± 1.4
101 1e+1µ+/𝐸t+X[2Q] 0.19 0.99 200 - 230 3.0 1.2± 0.9
102 2µ+1jet+/𝐸t+X[0Q] 0.19 1.0 200 - 230 21.0 28.0± 4.9
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C.4 Event Classes with Tauons
C.4.1 Sum of Transverse Momenta
C.4.1.1 Exclusive Event Classes
Table C.15: Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes
in 2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets 8.50 · 10−6 1.89 · 10−4 460 - 780 4.0 0.09± 0.05
2 1e+1µ+1γ+3jets+/𝐸t 2.97 · 10−5 4.38 · 10−4 630 - 710 2.0 4.4 · 10−4 ± 75.6 · 10−4
3 2µ+1γ+3jets 8.23 · 10−5 0.0021 540 - 600 2.0 0.007± 0.01
4 1µ+1τ+1γ+1jet 3.90 · 10−4 0.0039 200 - 230 3.0 0.1± 0.07
5 1e+4jets 2.12 · 10−5 0.0069 300 - 400 261.0 127.6± 28.6
6 1µ+2τ 3.92 · 10−4 0.0087 90 - 120 15.0 3.2± 1.7
7 2e+1µ+3jets 6.28 · 10−4 0.009 530 - 710 3.0 0.1± 0.05
8 1µ+2τ+3jets 0.0031 0.011 250 - 300 1.0 2.4 · 10−6 ± 3899.2 · 10−6
9 1µ+1τ+1γ+3jets 0.0017 0.012 280 - 320 1.0 0.0± 0.002
10 2e+1τ+1γ+1jet 0.0032 0.015 320 - 350 1.0 2.6 · 10−4 ± 39.2 · 10−4
11 2e+1µ+1γ+1jet+/𝐸t 0.0023 0.016 810 - 870 1.0 4.3 · 10−4 ± 26.6 · 10−4
12 1e+1µ+6jets+/𝐸t 5.14 · 10−4 0.017 810 - 900 3.0 0.1± 0.07
13 1e+2µ+1γ 0.0014 0.019 260 - 290 2.0 0.04± 0.03
14 1e+2γ+3jets 0.0016 0.019 740 - 800 1.0 6.8 · 10−5 ± 200.0 · 10−5
15 1e+1τ+3jets 1.60 · 10−4 0.022 480 - 540 12.0 2.0± 1.1
16 2τ+4jets+/𝐸t 0.0044 0.022 1780 - 1960 1.0 0.0± 0.005
17 3µ+3jets 0.0016 0.026 370 - 430 2.0 0.05± 0.02
18 1e+1γ+3jets+/𝐸t 5.43 · 10−4 0.034 620 - 680 8.0 1.3± 0.6
19 2e+1τ+3jets 0.002 0.038 370 - 450 3.0 0.1± 0.2
20 2e+2µ+/𝐸t 0.0068 0.038 190 - 220 1.0 0.004± 0.006
21 1µ+2γ+2jets 0.0053 0.04 230 - 260 1.0 3.1 · 10−5 ± 659.7 · 10−5
22 4e+/𝐸t 0.0079 0.045 220 - 250 1.0 0.005± 0.007
23 2e+1γ+2jets 5.74 · 10−4 0.045 310 - 340 3.0 0.1± 0.09
24 3e+4jets 0.008 0.051 780 - 840 1.0 0.006± 0.006
25 1τ+1γ+1jet+/𝐸t 0.0022 0.051 520 - 610 4.0 0.04± 0.4
26 1τ+1γ+2jets+/𝐸t 0.007 0.052 1440 - 1590 1.0 0.0± 0.009
27 2e+1τ+1jet+/𝐸t 0.0031 0.055 720 - 810 2.0 0.05± 0.05
28 1µ+1τ+5jets+/𝐸t 0.0031 0.058 720 - 840 5.0 0.8± 0.3
29 2e+1γ+1jet+/𝐸t 0.0025 0.064 560 - 760 3.0 0.2± 0.1
30 1µ+2γ+2jets+/𝐸t 0.0097 0.067 530 - 590 1.0 0.006± 0.009
31 2τ+/𝐸t 0.014 0.075 350 - 470 2.0 0.1± 0.1
32 1µ+1γ+6jets+/𝐸t 0.0081 0.077 750 - 840 1.0 0.006± 0.007
33 1e+9jets 0.004 0.078 1000 - 1090 1.0 0.0± 0.005
34 2e+2γ 0.0073 0.08 290 - 320 1.0 0.004± 0.007
35 1e+1γ+4jets 0.0013 0.084 750 - 870 3.0 0.07± 0.2
36 1e+1τ+5jets+/𝐸t 0.0045 0.087 480 - 540 1.0 0.0± 0.006
37 1µ+8jets+/𝐸t 0.0037 0.089 2210 - 2360 1.0 5.0 · 10−6 ± 4598.2 · 10−6
38 1µ+9jets+/𝐸t 0.0037 0.089 580 - 670 1.0 0.0± 0.005
39 3e+3jets+/𝐸t 0.0094 0.092 510 - 630 2.0 0.1± 0.05
40 2e+1γ+4jets 0.0086 0.098 460 - 520 1.0 0.004± 0.009
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
41 1τ+3jets+/𝐸t 0.0019 0.11 700 - 820 23.0 8.2± 3.0
42 1τ+1γ+3jets+/𝐸t 0.036 0.12 580 - 670 1.0 0.03± 0.03
43 2e+1µ+3jets+/𝐸t 0.012 0.12 1130 - 1220 1.0 0.01± 0.008
44 3e+1γ 0.013 0.13 350 - 380 1.0 0.01± 0.01
45 2µ+1τ+3jets 0.0095 0.13 580 - 720 2.0 0.04± 0.1
46 1e+1τ+6jets+/𝐸t 0.023 0.13 740 - 830 1.0 1.8 · 10−5 ± 2894.9 · 10−5
47 2e+7jets+/𝐸t 0.024 0.13 870 - 960 1.0 0.005± 0.03
48 1µ+1γ+4jets+/𝐸t 0.0044 0.14 2140 - 2290 1.0 0.0± 0.006
49 2µ+1jet+/𝐸t 0.0031 0.14 930 - 1020 5.0 0.7± 0.4
50 2e 7.45 · 10−4 0.14 890 - 940 5.0 0.6± 0.2
51 1e+1µ+1γ+/𝐸t 0.011 0.14 400 - 660 2.0 0.1± 0.09
52 1e+1µ 0.0048 0.15 310 - 370 0.0 6.4± 1.5
53 1µ+1jet+/𝐸t 0.0034 0.16 660 - 750 414.0 590.8± 61.6
54 1e+1τ+1γ+2jets 0.05 0.16 390 - 450 1.0 0.001± 0.06
55 1e+1γ+5jets 0.014 0.16 1250 - 1340 1.0 1.7 · 10−4 ± 182.3 · 10−4
56 2µ+5jets 0.0017 0.16 810 - 910 6.0 0.8± 0.5
57 1µ+1γ+3jets 0.0028 0.16 480 - 640 13.0 3.7± 1.7
58 1e+7jets+/𝐸t 0.0042 0.16 1520 - 1800 4.0 0.5± 0.2
59 1e+1µ+1γ 0.014 0.18 170 - 200 4.0 0.8± 0.4
60 2µ+1γ+/𝐸t 0.015 0.18 350 - 510 2.0 0.2± 0.09
61 2µ+1γ+1jet+/𝐸t 0.013 0.18 270 - 330 4.0 0.8± 0.3
62 1e+2µ+1τ 0.057 0.18 130 - 160 1.0 0.06± 0.03
63 2e+2µ 0.0094 0.18 240 - 270 3.0 0.4± 0.1
64 3e+2jets 0.0069 0.19 310 - 360 4.0 0.5± 0.4
65 3µ+1jet 0.0068 0.19 200 - 360 1.0 9.4± 2.4
66 1µ+6jets+/𝐸t 0.0037 0.2 1050 - 1140 2.0 15.3± 4.1
67 1µ+1γ+2jets+/𝐸t 0.0061 0.2 830 - 950 7.0 0.9± 1.2
68 1e+1τ+1γ+1jet+/𝐸t 0.049 0.21 560 - 630 1.0 0.04± 0.03
69 1e+1µ+1τ+2jets 0.02 0.21 210 - 260 2.0 0.2± 0.1
70 1µ+1τ+5jets 0.016 0.21 660 - 720 2.0 0.2± 0.09
71 2e+2µ+1jet 0.02 0.22 520 - 550 1.0 0.02± 0.01
72 3µ+2jets 0.014 0.22 250 - 280 2.0 0.2± 0.05
73 1e+1µ+1γ+2jets+/𝐸t 0.019 0.22 390 - 450 2.0 0.2± 0.1
74 1e+1µ+1τ+1jet 0.019 0.22 220 - 280 6.0 1.6± 0.8
75 2e+2τ 0.056 0.23 140 - 180 4.0 0.9± 0.9
76 1µ+2τ+1jet+/𝐸t 0.034 0.23 600 - 690 1.0 0.02± 0.03
77 1e+1µ+1τ+1jet+/𝐸t 0.021 0.24 460 - 520 2.0 0.2± 0.1
78 2e+1τ 0.017 0.24 220 - 340 1.0 16.1± 7.4
79 2e+/𝐸t 0.0072 0.24 250 - 290 106.0 67.3± 12.4
80 1e+1τ+4jets+/𝐸t 0.011 0.24 440 - 630 7.0 2.0± 0.7
81 1µ+2τ+/𝐸t 0.023 0.25 200 - 260 3.0 0.3± 0.4
82 1e+1µ+7jets+/𝐸t 0.041 0.25 1020 - 1110 1.0 0.03± 0.03
83 1µ+2jets+/𝐸t 5.97 · 10−4 0.25 1250 - 1500 36.0 98.8± 18.0
84 1µ+1τ+1jet+/𝐸t 0.0093 0.26 770 - 870 5.0 0.5± 0.8
85 3e+1jet+/𝐸t 0.014 0.26 460 - 540 4.0 0.8± 0.2
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
86 1µ+1γ+5jets 0.036 0.26 670 - 730 1.0 0.03± 0.03
87 1e+1µ+1τ+2jets+/𝐸t 0.035 0.28 550 - 620 2.0 0.3± 0.1
88 1µ+7jets 0.0049 0.29 770 - 1010 1.0 13.1± 4.0
89 2e+1µ+/𝐸t 0.013 0.3 270 - 520 0.0 5.1± 1.2
90 2e+6jets 0.0072 0.31 850 - 910 3.0 0.05± 0.3
91 1e+1µ+1τ+3jets+/𝐸t 0.073 0.31 520 - 660 2.0 0.4± 0.2
92 2µ+1τ+3jets+/𝐸t 0.058 0.33 520 - 580 1.0 0.05± 0.05
93 1µ+1τ+7jets+/𝐸t 0.075 0.33 890 - 980 1.0 0.07± 0.05
94 1e+1µ+1τ+/𝐸t 0.04 0.33 170 - 200 3.0 0.7± 0.3
95 2e+1jet 0.0031 0.33 620 - 680 39.0 76.3± 11.4
96 2µ+/𝐸t 0.013 0.34 550 - 690 9.0 3.3± 0.8
97 2µ+1γ+2jets 0.0087 0.35 460 - 520 2.0 0.04± 0.1
98 2τ+1jet+/𝐸t 0.059 0.36 400 - 510 2.0 0.3± 0.2
99 1e+1µ+3jets 0.0093 0.38 640 - 820 2.0 9.8± 1.9
100 1e+1τ+3jets+/𝐸t 0.013 0.39 790 - 970 7.0 1.7± 1.0
101 2τ+3jets+/𝐸t 0.098 0.39 480 - 570 1.0 0.09± 0.07
102 1τ+2jets+/𝐸t 0.0091 0.4 780 - 1010 26.0 61.2± 13.4
103 1µ+4jets+/𝐸t 0.0055 0.4 1470 - 1590 12.0 2.6± 2.2
104 1e+1γ+2jets 0.01 0.4 1020 - 1700 5.0 0.7± 0.7
105 3e+/𝐸t 0.021 0.4 190 - 220 11.0 4.7± 1.2
106 1e+1τ+/𝐸t 0.021 0.41 170 - 210 42.0 20.9± 8.4
107 2µ+1γ+1jet 0.014 0.41 390 - 430 5.0 0.9± 0.7
108 2e+3jets+/𝐸t 0.0068 0.41 1040 - 1160 7.0 1.8± 0.6
109 1µ+/𝐸t 0.016 0.41 490 - 6580 85.0 127.3± 16.8
110 1e+1µ+5jets 0.021 0.42 450 - 530 3.0 0.5± 0.2
111 1e+1γ+4jets+/𝐸t 0.037 0.42 830 - 920 2.0 0.2± 0.2
112 1e+1γ+/𝐸t 0.014 0.42 330 - 390 9.0 2.7± 1.4
113 1e+1τ+1jet+/𝐸t 0.013 0.42 280 - 360 76.0 42.6± 12.4
114 2e+1γ+/𝐸t 0.045 0.43 450 - 510 1.0 0.04± 0.03
115 2e+6jets+/𝐸t 0.062 0.44 560 - 630 1.0 0.06± 0.04
116 1µ+1τ+1γ 0.066 0.44 250 - 280 1.0 1.4 · 10−4 ± 873.8 · 10−4
117 2e+1γ+2jets+/𝐸t 0.073 0.44 590 - 650 1.0 0.07± 0.04
118 2e+1µ 0.022 0.44 520 - 550 1.0 0.02± 0.01
119 1e+6jets 0.0067 0.44 880 - 970 12.0 4.3± 1.3
120 2µ+1τ 0.032 0.45 270 - 340 6.0 1.3± 1.3
121 1e+1µ+1γ+1jet 0.059 0.46 370 - 400 1.0 0.05± 0.04
122 1e+2γ 0.04 0.47 220 - 310 2.0 0.08± 0.3
123 1µ+1γ+4jets 0.041 0.47 430 - 490 4.0 1.1± 0.4
124 1e+8jets+/𝐸t 0.093 0.47 810 - 930 1.0 0.09± 0.06
125 3e 0.025 0.48 220 - 250 7.0 2.3± 1.0
126 1µ+1γ+3jets+/𝐸t 0.02 0.48 300 - 380 10.0 3.6± 1.6
127 2µ+4jets+/𝐸t 0.012 0.48 490 - 550 19.0 9.5± 1.7
128 1µ+5jets 0.009 0.48 1110 - 1960 19.0 7.7± 2.8
129 2e+1µ+1jet+/𝐸t 0.03 0.49 400 - 3970 0.0 4.0± 1.0
130 1µ+1γ+1jet 0.02 0.49 560 - 620 4.0 0.4± 0.7
Continued on next page. . .
C.4 Event Classes with Tauons 273
. . . continued from previous page.
Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
131 2µ+1jet 0.017 0.5 890 - 1080 5.0 15.1± 3.3
132 4µ+1jet 0.11 0.5 290 - 320 1.0 0.1± 0.05
133 2τ+2jets+/𝐸t 0.079 0.51 930 - 1050 1.0 0.03± 0.09
134 2µ+6jets 0.061 0.51 1000 - 1090 1.0 0.05± 0.05
135 3µ+3jets+/𝐸t 0.1 0.54 570 - 630 1.0 0.1± 0.04
136 2e+2jets+/𝐸t 0.012 0.54 1110 - 1770 12.0 4.4± 1.7
137 1e+/𝐸t 0.012 0.55 1510 - 1660 2.0 0.1± 0.1
138 1µ+1τ+/𝐸t 0.048 0.55 350 - 430 10.0 4.0± 2.2
139 1µ+8jets 0.066 0.55 650 - 710 1.0 0.06± 0.05
140 1e+1µ+4jets+/𝐸t 0.016 0.56 690 - 780 4.0 12.6± 2.3
141 2e+5jets 0.0099 0.56 420 - 480 3.0 0.3± 0.2
142 2e+1γ 0.025 0.57 300 - 350 6.0 1.6± 1.0
143 1µ+1τ+3jets+/𝐸t 0.026 0.58 680 - 950 21.0 11.1± 2.9
144 2µ+2jets 0.013 0.59 800 - 920 34.0 60.4± 9.5
145 1e+1τ+2jets+/𝐸t 0.025 0.6 470 - 530 18.0 9.3± 2.3
146 2e+1µ+2jets+/𝐸t 0.062 0.6 530 - 590 2.0 0.4± 0.1
147 1e+1jet+/𝐸t 0.0072 0.6 740 - 880 227.0 341.9± 43.9
148 2e+1γ+1jet 0.021 0.61 310 - 420 2.0 13.1± 4.7
149 1µ+1τ+3jets 0.034 0.63 430 - 490 17.0 8.6± 2.7
150 1µ+2jets 0.015 0.63 880 - 1080 63.0 107.8± 18.5
151 1e+2µ+2jets 0.065 0.63 400 - 440 2.0 0.4± 0.2
152 2e+1τ+2jets 0.049 0.64 300 - 390 1.0 8.7± 4.3
153 1e+1µ+1jet 0.03 0.64 500 - 620 0.0 3.8± 0.8
154 3µ 0.043 0.64 80 - 110 12.0 6.1± 1.6
155 2µ+1τ+2jets+/𝐸t 0.12 0.64 950 - 1050 1.0 0.04± 0.1
156 4e 0.097 0.65 290 - 320 1.0 0.1± 0.04
157 1e+1γ+5jets+/𝐸t 0.12 0.65 1020 - 1110 1.0 2.2 · 10−4 ± 1616.0 · 10−4
158 2e+3jets 0.012 0.65 850 - 970 16.0 36.0± 7.2
159 1µ+1γ+/𝐸t 0.046 0.66 500 - 620 4.0 0.5± 1.0
160 1µ+5jets+/𝐸t 0.019 0.67 1090 - 1230 15.0 35.0± 8.1
161 3µ+1jet+/𝐸t 0.044 0.67 220 - 310 0.0 3.5± 0.9
162 2µ 0.042 0.68 400 - 460 40.0 62.3± 10.4
163 3µ+2jets+/𝐸t 0.081 0.68 470 - 530 2.0 0.5± 0.1
164 1µ+1γ+1jet+/𝐸t 0.045 0.69 580 - 1280 1.0 8.3± 3.7
165 1e+2µ 0.046 0.69 190 - 220 1.0 6.8± 2.4
166 1e+1µ+4jets 0.028 0.69 730 - 1050 0.0 4.0± 0.9
167 1τ+/𝐸t 0.069 0.69 380 - 500 5.0 16.4± 6.8
168 1e+1τ+4jets 0.09 0.69 380 - 440 2.0 0.5± 0.2
169 1τ+4jets+/𝐸t 0.041 0.71 880 - 980 5.0 1.4± 0.9
170 1e+5jets+/𝐸t 0.021 0.71 1250 - 1570 19.0 9.1± 2.8
171 2e+1jet+/𝐸t 0.027 0.73 500 - 560 39.0 24.0± 5.1
172 2µ+2jets+/𝐸t 0.032 0.73 920 - 1040 3.0 10.4± 2.6
173 1e+6jets+/𝐸t 0.03 0.74 960 - 1140 4.0 11.5± 2.3
174 2µ+2τ 0.19 0.74 180 - 210 1.0 0.06± 0.3
175 2e+1τ+3jets+/𝐸t 0.19 0.75 480 - 540 1.0 0.09± 0.2
Continued on next page. . .
274 Appendix C Detailed Results
. . . continued from previous page.
Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
176 1µ+3jets+/𝐸t 0.021 0.76 1610 - 1760 13.0 4.5± 2.6
177 1e+3jets+/𝐸t 0.01 0.76 310 - 390 324.0 225.8± 38.7
178 1e+1γ+2jets+/𝐸t 0.042 0.76 930 - 1020 3.0 0.2± 0.6
179 2µ+3jets+/𝐸t 0.028 0.77 1000 - 4890 6.0 15.6± 3.4
180 1e+1τ+5jets 0.13 0.77 620 - 680 1.0 0.05± 0.2
181 1µ+1τ+4jets+/𝐸t 0.055 0.78 520 - 690 16.0 8.5± 2.8
182 2µ+1γ 0.059 0.78 60 - 90 107.0 196.2± 55.4
183 1e+1τ+1γ+1jet 0.14 0.78 370 - 430 1.0 0.02± 0.2
184 2e+5jets+/𝐸t 0.053 0.79 610 - 750 0.0 3.2± 0.8
185 1e+2γ+1jet 0.15 0.79 310 - 340 1.0 0.02± 0.2
186 2µ+5jets+/𝐸t 0.052 0.8 1250 - 2100 3.0 0.6± 0.5
187 3µ+/𝐸t 0.063 0.8 620 - 680 1.0 0.07± 0.02
188 1e+4jets+/𝐸t 0.027 0.81 360 - 420 15.0 7.3± 2.0
189 2µ+1τ+1jet 0.087 0.82 130 - 160 15.0 7.6± 3.9
190 1µ+2τ+1jet 0.27 0.83 220 - 270 2.0 0.8± 0.8
191 1e+1τ+2jets 0.048 0.83 590 - 4200 1.0 12.8± 10.6
192 1e+2µ+2jets+/𝐸t 0.13 0.84 270 - 590 0.0 2.2± 0.6
193 2µ+4jets 0.028 0.84 700 - 780 9.0 20.0± 4.0
194 1e+1µ+3jets+/𝐸t 0.046 0.85 990 - 1140 1.0 5.4± 1.2
195 2e+4jets 0.023 0.86 290 - 330 4.0 0.5± 0.7
196 1e+1γ+1jet+/𝐸t 0.045 0.86 520 - 600 13.0 4.9± 3.3
197 1e+2µ+1jet 0.07 0.86 280 - 310 6.0 2.4± 1.1
198 2e+1τ+1jet 0.09 0.86 260 - 300 4.0 13.3± 6.2
199 1e+2µ+/𝐸t 0.078 0.86 240 - 270 5.0 2.1± 0.5
200 1µ+1τ+2jets 0.065 0.86 520 - 2110 1.0 7.3± 3.6
201 1µ+1γ+2jets 0.061 0.87 850 - 980 2.0 0.2± 0.3
202 1e+1µ+2jets+/𝐸t 0.061 0.87 920 - 1100 2.0 6.7± 1.4
203 2e+1τ+2jets+/𝐸t 0.28 0.88 250 - 3130 1.0 2.8± 1.1
204 1e+1µ+/𝐸t 0.068 0.88 180 - 210 272.0 212.8± 36.1
205 2e+1µ+1jet 0.075 0.88 240 - 360 10.0 5.4± 1.3
206 1µ+1τ+1jet 0.1 0.88 470 - 550 5.0 1.3± 1.7
207 2e+1τ+/𝐸t 0.14 0.89 120 - 150 1.0 0.1± 0.1
208 1e+1µ+1jet+/𝐸t 0.071 0.89 840 - 1320 0.0 2.8± 0.5
209 1µ+1τ 0.11 0.9 330 - 1540 1.0 6.4± 4.6
210 1e+2µ+1jet+/𝐸t 0.093 0.9 250 - 310 0.0 2.6± 0.6
211 1µ+6jets 0.049 0.91 370 - 470 0.0 3.2± 0.7
212 4µ 0.16 0.92 110 - 140 1.0 0.2± 0.06
213 2µ+1τ+/𝐸t 0.15 0.92 160 - 190 11.0 6.5± 2.9
214 2µ+1τ+1jet+/𝐸t 0.16 0.94 180 - 260 1.0 4.4± 2.2
215 2µ+1τ+2jets 0.11 0.94 460 - 600 4.0 1.4± 1.0
216 1µ+1γ 0.11 0.94 300 - 330 3.0 0.4± 1.0
217 1e+1µ+1τ 0.23 0.94 130 - 160 3.0 1.5± 0.8
218 1µ+1τ+4jets 0.12 0.94 440 - 540 8.0 4.1± 1.9
219 1µ+7jets+/𝐸t 0.087 0.95 1140 - 1370 1.0 4.6± 1.2
220 2µ+6jets+/𝐸t 0.23 0.95 870 - 960 1.0 0.3± 0.1
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
221 1e+2jets+/𝐸t 0.043 0.95 750 - 840 308.0 404.5± 52.9
222 1µ+1τ+2jets+/𝐸t 0.098 0.95 510 - 590 19.0 34.2± 10.0
223 1e+1µ+5jets+/𝐸t 0.095 0.95 640 - 730 0.0 2.5± 0.6
224 1τ+6jets+/𝐸t 0.24 0.95 690 - 4720 1.0 3.4± 2.3
225 1e+1µ+2jets 0.082 0.95 180 - 220 40.0 57.8± 10.1
226 1µ+3jets 0.065 0.96 740 - 860 163.0 216.3± 32.1
227 2e+4jets+/𝐸t 0.071 0.96 1100 - 1250 6.0 2.5± 1.0
228 1e+5jets 0.067 0.96 630 - 690 50.0 34.2± 7.9
229 1e+7jets 0.12 0.97 750 - 850 3.0 1.1± 0.4
230 3e+1jet 0.094 0.97 260 - 330 1.0 5.4± 2.2
231 2µ+3jets 0.065 0.97 950 - 1070 8.0 16.4± 3.7
232 1µ+4jets 0.075 0.97 700 - 900 203.0 284.9± 54.4
233 1µ+1jet 0.091 0.97 710 - 860 50.0 33.3± 10.4
234 1e+1γ+3jets 0.09 0.98 750 - 1450 2.0 8.4± 4.0
235 1τ+1jet+/𝐸t 0.098 0.98 680 - 800 36.0 59.9± 16.6
236 2e+1µ+2jets 0.22 0.98 190 - 430 0.0 1.6± 0.4
237 1µ 0.06 0.99 120 - 150 1.2 · 103 1.5 · 103 ± 0.2 · 103
238 1e+3jets 0.051 0.99 1410 - 1560 1.0 9.5± 5.3
239 3e+2jets+/𝐸t 0.24 0.99 230 - 1940 1.0 3.0± 0.9
240 1e+2jets 0.062 0.99 1400 - 1820 2.0 10.5± 5.0
241 1e+1τ+1jet 0.16 0.99 180 - 220 258.0 139.0± 110.1
242 2e+2jets 0.031 1.0 800 - 860 17.0 32.4± 6.3
243 1τ+5jets+/𝐸t 0.29 1.0 720 - 840 2.0 1.1± 0.3
244 1e+1γ 0.096 1.0 330 - 370 4.0 13.5± 6.8
245 1e+1γ+1jet 0.1 1.0 660 - 720 2.0 9.1± 5.9
246 1e+1jet 0.18 1.0 1200 - 1320 1.0 4.1± 2.6
276 Appendix C Detailed Results
C.4.1.2 Inclusive Event Classes
Table C.16: Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes
in 2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1e+1µ+1γ+3jets+/𝐸t+X 2.82 · 10−5 4.26 · 10−4 630 - 710 2.0 8.6 · 10−4 ± 71.9 · 10−4
2 2e+1γ+3jets+X 2.16 · 10−4 0.0054 460 - 780 5.0 0.4± 0.2
3 1µ+2γ+2jets+X 4.34 · 10−4 0.0063 250 - 340 2.0 0.02± 0.02
4 1e+1µ+1γ+2jets+/𝐸t+X 3.50 · 10−4 0.0085 570 - 730 3.0 0.1± 0.06
5 2e+1µ+1γ+1jet+X 8.90 · 10−4 0.0087 580 - 610 1.0 0.0± 0.001
6 2e+1µ+1γ+/𝐸t+X 0.0013 0.0098 660 - 720 1.0 2.0 · 10−5 ± 160.6 · 10−5
7 2e+1µ+1γ+1jet+/𝐸t+X 0.0023 0.016 810 - 870 1.0 4.3 · 10−4 ± 26.9 · 10−4
8 2e+1µ+1γ+X 0.002 0.021 490 - 520 1.0 4.3 · 10−4 ± 23.5 · 10−4
9 2e+1γ+1jet+/𝐸t+X 8.18 · 10−4 0.024 740 - 800 2.0 0.03± 0.02
10 1τ+1γ+1jet+X 8.13 · 10−4 0.027 350 - 470 6.0 0.6± 0.5
11 1e+1µ+1γ+/𝐸t+X 9.87 · 10−4 0.028 600 - 660 2.0 0.03± 0.03
12 1τ+1γ+1jet+/𝐸t+X 9.89 · 10−4 0.032 520 - 610 5.0 0.4± 0.4
13 2τ+4jets+X 0.0045 0.033 1340 - 1480 1.0 0.0± 0.006
14 2τ+4jets+/𝐸t+X 0.0048 0.034 1780 - 1960 1.0 0.0± 0.006
15 2e+1γ+2jets+X 3.78 · 10−4 0.035 710 - 770 3.0 0.07± 0.09
16 2µ+1γ+/𝐸t+X 0.0012 0.036 220 - 250 7.0 1.3± 0.5
17 1e+2µ+1γ+X 0.003 0.045 260 - 290 2.0 0.07± 0.04
18 2e+2µ+/𝐸t+X 0.01 0.048 190 - 220 1.0 0.008± 0.008
19 1e+1µ+6jets+/𝐸t+X 0.0018 0.05 810 - 900 3.0 0.2± 0.1
20 1e+1γ+4jets+X 6.18 · 10−4 0.054 750 - 870 5.0 0.5± 0.3
21 2e+1τ+3jets+X 0.0021 0.054 370 - 450 4.0 0.3± 0.3
22 1e+1µ+1γ+X 0.0019 0.054 360 - 410 3.0 0.2± 0.1
23 4e+/𝐸t+X 0.0093 0.054 240 - 270 1.0 0.006± 0.008
24 1e+1µ+1τ+1jet+X 0.0023 0.055 250 - 280 11.0 2.8± 1.2
25 1µ+1τ+5jets+/𝐸t+X 0.0034 0.057 720 - 870 6.0 1.2± 0.5
26 2e+1τ+1γ+1jet+X 0.0083 0.058 320 - 350 1.0 7.7 · 10−4 ± 101.5 · 10−4
27 1µ+1τ+1γ+3jets+X 0.0049 0.059 280 - 320 1.0 0.0± 0.006
28 1e+1γ+3jets+/𝐸t+X 0.0015 0.067 600 - 660 10.0 2.3± 1.0
29 2τ+3jets+X 0.0053 0.069 1240 - 1390 1.0 0.0± 0.007
30 1µ+2γ+2jets+/𝐸t+X 0.0094 0.08 530 - 590 1.0 0.006± 0.008
31 2e+1τ+1jet+X 0.0021 0.08 690 - 780 3.0 0.09± 0.2
32 1e+2γ+3jets+X 0.0047 0.081 740 - 800 1.0 6.8 · 10−5 ± 591.6 · 10−5
33 2τ+1jet+/𝐸t+X 0.0042 0.082 770 - 1220 3.0 0.2± 0.2
34 1µ+2τ+3jets+X 0.0088 0.082 240 - 280 1.0 0.006± 0.007
35 2µ+X 0.0033 0.087 720 - 1750 2.0 11.2± 2.0
36 2µ+1γ+2jets+X 9.34 · 10−4 0.089 460 - 540 4.0 0.3± 0.2
37 1µ+8jets+/𝐸t+X 0.0039 0.092 2210 - 2360 1.0 3.8 · 10−4 ± 46.9 · 10−4
38 1µ+9jets+/𝐸t+X 0.0039 0.1 580 - 670 1.0 0.0± 0.005
39 1µ+1γ+6jets+/𝐸t+X 0.013 0.1 780 - 870 1.0 0.009± 0.01
40 1e+1µ+1γ+1jet+/𝐸t+X 0.0047 0.1 480 - 740 4.0 0.5± 0.3
41 1µ+9jets+X 0.0037 0.11 530 - 590 1.0 0.0± 0.005
42 1e+1τ+3jets+X 0.0017 0.11 500 - 560 20.0 6.7± 2.5
43 1e+1µ+1τ+X 0.0068 0.12 180 - 230 14.0 4.8± 1.9
44 2e+1µ+3jets+X 0.0082 0.12 630 - 870 3.0 0.4± 0.1
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 2e+1γ+4jets+X 0.013 0.12 460 - 520 1.0 0.01± 0.01
46 1τ+1γ+2jets+/𝐸t+X 0.0058 0.12 1440 - 1590 1.0 0.0± 0.007
47 1µ+8jets+X 0.0036 0.12 2090 - 2210 1.0 3.6 · 10−4 ± 43.9 · 10−4
48 1µ+4jets+X 0.0011 0.13 1720 - 1900 8.0 1.0± 0.9
49 2τ+3jets+/𝐸t+X 0.013 0.13 1700 - 1880 1.0 0.0± 0.02
50 2e+1µ+3jets+/𝐸t+X 0.012 0.13 1130 - 1220 1.0 0.01± 0.008
51 1e+1τ+4jets+/𝐸t+X 0.0049 0.13 420 - 480 3.0 0.2± 0.2
52 1µ+1γ+4jets+/𝐸t+X 0.0047 0.14 2140 - 2290 1.0 0.0± 0.006
53 1τ+1γ+2jets+X 0.0087 0.14 1010 - 1130 1.0 0.004± 0.009
54 2e+7jets+/𝐸t+X 0.024 0.14 870 - 960 1.0 0.005± 0.03
55 2τ+2jets+X 0.0097 0.14 730 - 1210 2.0 0.06± 0.1
56 1e+1µ+7jets+X 0.0086 0.15 940 - 1030 1.0 0.006± 0.007
57 3e+3jets+/𝐸t+X 0.014 0.15 510 - 630 2.0 0.2± 0.06
58 2e+1γ+1jet+X 0.0022 0.15 520 - 560 3.0 0.1± 0.2
59 1e+9jets+X 0.02 0.15 1000 - 1090 1.0 0.01± 0.02
60 1e+1τ+6jets+/𝐸t+X 0.025 0.16 740 - 830 1.0 0.006± 0.03
61 1e+1µ+1γ+3jets+X 0.014 0.16 590 - 650 1.0 0.01± 0.01
62 1µ+1γ+4jets+X 0.0043 0.16 2070 - 2200 1.0 0.0± 0.005
63 2e+1τ+1jet+/𝐸t+X 0.009 0.16 750 - 840 2.0 0.1± 0.07
64 1e+1µ+1γ+1jet+X 0.0057 0.16 460 - 540 3.0 0.2± 0.2
65 1µ+1γ+5jets+X 0.0089 0.17 650 - 710 3.0 0.4± 0.2
66 1µ+X 0.015 0.17 370 - 480 167.0 248.0± 34.2
67 1e+1µ+1τ+2jets+/𝐸t+X 0.013 0.17 550 - 620 3.0 0.4± 0.2
68 2τ+2jets+/𝐸t+X 0.014 0.18 930 - 1680 2.0 0.08± 0.1
69 1µ+5jets+X 0.0024 0.19 1760 - 1960 7.0 0.8± 0.9
70 1τ+1γ+3jets+X 0.037 0.19 250 - 300 1.0 0.03± 0.03
71 1µ+/𝐸t+X 0.0058 0.19 650 - 780 45.0 89.0± 15.5
72 1e+4jets+X 0.0024 0.19 320 - 400 446.0 291.6± 50.7
73 1µ+2γ+1jet+X 0.021 0.19 200 - 260 2.0 0.2± 0.1
74 1µ+1γ+6jets+X 0.034 0.19 670 - 730 1.0 0.03± 0.03
75 1µ+2γ+1jet+/𝐸t+X 0.043 0.2 460 - 520 1.0 0.03± 0.04
76 1τ+1γ+3jets+/𝐸t+X 0.041 0.21 580 - 670 1.0 0.04± 0.03
77 1e+1µ+1τ+1jet+/𝐸t+X 0.016 0.21 500 - 560 3.0 0.5± 0.2
78 1e+1τ+5jets+/𝐸t+X 0.023 0.21 500 - 560 1.0 0.0± 0.03
79 3µ+3jets+X 0.016 0.21 360 - 410 2.0 0.2± 0.07
80 3e+1γ+X 0.021 0.22 350 - 380 1.0 0.02± 0.02
81 2µ+1γ+X 0.0092 0.23 390 - 440 3.0 0.2± 0.3
82 1µ+2τ+X 0.017 0.23 150 - 180 5.0 1.1± 0.7
83 1e+1µ+1γ+2jets+X 0.016 0.24 540 - 640 2.0 0.2± 0.08
84 3e+3jets+X 0.016 0.24 460 - 520 2.0 0.2± 0.06
85 1e+1µ+7jets+/𝐸t+X 0.043 0.24 1020 - 1110 1.0 0.04± 0.03
86 2e+1τ+2jets+X 0.0085 0.24 780 - 870 2.0 0.03± 0.1
87 2µ+1γ+3jets+X 0.014 0.25 560 - 620 2.0 0.02± 0.2
88 1e+3jets+X 2.02 · 10−4 0.25 1950 - 2110 8.0 0.4± 0.8
89 2τ+1jet+X 0.018 0.25 590 - 750 2.0 0.1± 0.2
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 1e+2µ+1τ+X 0.072 0.25 130 - 160 1.0 0.07± 0.03
91 1e+1τ+3jets+/𝐸t+X 0.0065 0.25 370 - 430 7.0 1.5± 0.8
92 1e+1µ+1τ+3jets+X 0.036 0.26 440 - 540 2.0 0.3± 0.1
93 2e+2τ+X 0.063 0.26 140 - 180 4.0 0.9± 0.9
94 1µ+6jets+/𝐸t+X 0.0052 0.27 1050 - 1140 4.0 18.8± 4.8
95 1e+1τ+4jets+X 0.0087 0.27 340 - 400 3.0 0.3± 0.2
96 2e+1γ+X 0.0055 0.27 300 - 350 12.0 3.5± 1.7
97 1e+7jets+/𝐸t+X 0.0091 0.28 1520 - 1800 4.0 0.7± 0.3
98 3e+4jets+X 0.04 0.28 760 - 820 1.0 0.04± 0.02
99 1τ+4jets+X 0.0057 0.28 240 - 300 10.0 3.0± 1.2
100 1µ+1γ+1jet+X 0.01 0.28 890 - 980 3.0 0.08± 0.4
101 1e+1τ+6jets+X 0.039 0.29 1170 - 1260 1.0 0.03± 0.03
102 1e+1µ+1τ+2jets+X 0.023 0.3 380 - 460 5.0 1.3± 0.6
103 1µ+1γ+3jets+X 0.007 0.3 500 - 580 22.0 8.8± 3.4
104 2µ+1jet+X 0.0089 0.3 680 - 770 73.0 118.8± 16.7
105 2e+2µ+1jet+X 0.029 0.31 520 - 550 1.0 0.03± 0.02
106 2µ+2jets+X 0.0049 0.31 800 - 980 84.0 144.6± 21.0
107 1µ+2jets+/𝐸t+X 0.0033 0.31 1290 - 1500 63.0 127.1± 21.8
108 2e+6jets+/𝐸t+X 0.032 0.32 780 - 870 2.0 0.3± 0.1
109 2µ+1γ+1jet+/𝐸t+X 0.024 0.32 270 - 330 4.0 1.0± 0.4
110 2µ+1τ+3jets+/𝐸t+X 0.063 0.32 520 - 580 1.0 0.06± 0.05
111 2µ+5jets+X 0.0038 0.32 830 - 940 9.0 2.6± 0.8
112 3e+/𝐸t+X 0.012 0.33 190 - 220 15.0 6.6± 1.7
113 2e+/𝐸t+X 0.009 0.33 710 - 830 7.0 1.6± 0.9
114 1τ+3jets+X 0.0074 0.33 180 - 240 67.0 34.6± 10.8
115 1µ+1τ+7jets+/𝐸t+X 0.075 0.34 890 - 980 1.0 0.07± 0.05
116 3µ+2jets+X 0.014 0.34 410 - 470 5.0 1.3± 0.3
117 2e+1µ+/𝐸t+X 0.012 0.34 270 - 420 2.0 10.3± 2.4
118 1µ+2τ+1jet+/𝐸t+X 0.046 0.34 600 - 690 1.0 0.04± 0.03
119 1µ+1γ+2jets+/𝐸t+X 0.013 0.35 1450 - 1570 2.0 0.03± 0.2
120 1e+1γ+4jets+/𝐸t+X 0.023 0.35 830 - 1010 3.0 0.5± 0.3
121 1e+1γ+5jets+X 0.052 0.36 860 - 1280 2.0 0.3± 0.2
122 2e+3jets+/𝐸t+X 0.0055 0.36 1040 - 1130 12.0 4.1± 1.3
123 1µ+7jets+/𝐸t+X 0.011 0.36 510 - 570 2.0 0.1± 0.09
124 2e+2µ+X 0.02 0.37 240 - 270 3.0 0.5± 0.2
125 3µ+2jets+/𝐸t+X 0.025 0.38 470 - 530 3.0 0.6± 0.2
126 1µ+1τ+5jets+X 0.027 0.38 620 - 810 7.0 2.4± 1.0
127 2τ+X 0.034 0.38 110 - 140 7.0 2.2± 1.3
128 1µ+1jet+/𝐸t+X 0.012 0.38 1090 - 1210 55.0 97.1± 16.6
129 1µ+2τ+2jets+X 0.064 0.38 190 - 220 1.0 0.05± 0.05
130 1τ+/𝐸t+X 0.021 0.39 410 - 500 41.0 85.1± 20.1
131 1e+1µ+1τ+3jets+/𝐸t+X 0.085 0.4 520 - 660 2.0 0.4± 0.2
132 1τ+1γ+/𝐸t+X 0.037 0.4 270 - 330 5.0 1.3± 0.9
133 1µ+1τ+3jets+/𝐸t+X 0.013 0.4 270 - 330 8.0 2.5± 1.0
134 1τ+1γ+X 0.033 0.4 130 - 160 6.0 1.7± 1.1
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
135 1e+1γ+3jets+X 0.008 0.41 530 - 590 21.0 7.4± 3.8
136 2e+5jets+X 0.0041 0.41 380 - 480 6.0 1.3± 0.4
137 2e+1γ+/𝐸t+X 0.031 0.41 630 - 690 1.0 0.02± 0.02
138 1µ+2γ+/𝐸t+X 0.078 0.42 320 - 380 1.0 0.07± 0.06
139 1µ+1τ+4jets+/𝐸t+X 0.017 0.42 630 - 720 11.0 4.2± 1.5
140 1e+1γ+2jets+/𝐸t+X 0.013 0.43 540 - 620 21.0 8.7± 3.7
141 1e+1µ+4jets+/𝐸t+X 0.011 0.43 590 - 660 6.0 16.6± 2.8
142 2e+X 0.0023 0.43 890 - 960 6.0 1.2± 0.3
143 1τ+7jets+/𝐸t+X 0.095 0.45 860 - 950 1.0 0.1± 0.05
144 1µ+1τ+7jets+X 0.11 0.46 840 - 930 1.0 0.1± 0.06
145 2µ+1τ+3jets+X 0.054 0.46 580 - 720 2.0 0.3± 0.2
146 2µ+4jets+X 0.0071 0.46 1540 - 1950 3.0 0.2± 0.3
147 1µ+1τ+1γ+1jet+X 0.069 0.47 180 - 230 4.0 1.2± 0.8
148 2e+1γ+2jets+/𝐸t+X 0.088 0.47 590 - 650 1.0 0.09± 0.05
149 1µ+7jets+X 0.01 0.47 2020 - 2140 1.0 3.6 · 10−4 ± 125.2 · 10−4
150 2e+2γ+X 0.026 0.47 290 - 320 1.0 0.01± 0.03
151 2e+6jets+X 0.014 0.48 850 - 910 3.0 0.3± 0.3
152 1τ+5jets+/𝐸t+X 0.019 0.48 660 - 780 7.0 2.3± 0.8
153 1e+1γ+/𝐸t+X 0.016 0.48 280 - 310 39.0 18.1± 7.8
154 2e+1τ+X 0.036 0.49 360 - 500 4.0 0.9± 0.6
155 1e+7jets+X 0.012 0.49 1510 - 1660 4.0 0.6± 0.4
156 2µ+2jets+/𝐸t+X 0.016 0.52 950 - 1130 10.0 23.5± 4.6
157 2e+1τ+/𝐸t+X 0.043 0.52 440 - 500 2.0 0.3± 0.1
158 2µ+1τ+2jets+X 0.033 0.53 540 - 620 3.0 0.5± 0.4
159 1τ+7jets+X 0.1 0.54 740 - 830 1.0 0.1± 0.06
160 1µ+1τ+1γ+2jets+X 0.091 0.55 220 - 250 1.0 0.03± 0.1
161 1e+8jets+/𝐸t+X 0.093 0.55 810 - 930 1.0 0.09± 0.06
162 4µ+1jet+X 0.13 0.55 290 - 320 1.0 0.1± 0.05
163 1e+1τ+2jets+/𝐸t+X 0.02 0.55 470 - 530 28.0 15.1± 3.9
164 1µ+2jets+X 0.014 0.55 1000 - 1340 250.0 362.8± 48.6
165 2e+1µ+2jets+X 0.03 0.56 190 - 430 0.0 4.0± 1.0
166 1e+2γ+2jets+X 0.048 0.57 670 - 730 1.0 2.5 · 10−4 ± 622.6 · 10−4
167 1e+1τ+5jets+X 0.065 0.57 600 - 660 2.0 0.4± 0.2
168 1µ+1τ+6jets+/𝐸t+X 0.16 0.57 860 - 950 1.0 0.2± 0.1
169 1τ+4jets+/𝐸t+X 0.018 0.57 330 - 430 13.0 5.3± 1.9
170 3µ+X 0.03 0.57 330 - 380 6.0 2.1± 0.6
171 2µ+3jets+X 0.013 0.58 1770 - 1920 2.0 0.03± 0.2
172 1τ+X 0.06 0.58 290 - 5540 3.0 20.8± 17.4
173 1µ+1γ+2jets+X 0.023 0.58 750 - 870 6.0 1.3± 1.2
174 2µ+1γ+1jet+X 0.024 0.58 140 - 170 9.0 27.2± 8.1
175 3µ+1jet+/𝐸t+X 0.03 0.58 220 - 310 0.0 4.0± 1.0
176 1µ+6jets+X 0.018 0.59 840 - 930 20.0 44.5± 10.1
177 1e+1τ+1γ+2jets+X 0.087 0.59 370 - 430 1.0 0.04± 0.1
178 1e+1µ+2jets+X 0.021 0.6 610 - 670 20.0 37.9± 6.7
179 2e+3jets+X 0.0094 0.6 1090 - 1180 1.0 9.2± 2.5
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
180 2e+1jet+/𝐸t+X 0.015 0.6 1050 - 1140 9.0 1.7± 2.0
181 1µ+1γ+3jets+/𝐸t+X 0.033 0.61 300 - 380 10.0 4.0± 1.7
182 3µ+3jets+/𝐸t+X 0.12 0.61 530 - 590 1.0 0.1± 0.04
183 1e+1µ+6jets+X 0.068 0.62 750 - 890 3.0 0.8± 0.4
184 2e+2jets+/𝐸t+X 0.016 0.62 1440 - 1530 4.0 0.6± 0.5
185 1µ+1γ+X 0.043 0.63 420 - 480 6.0 1.8± 1.2
186 1µ+1jet+X 0.045 0.63 650 - 740 499.0 636.7± 77.2
187 1µ+4jets+/𝐸t+X 0.015 0.64 1750 - 1900 6.0 1.6± 0.7
188 1e+6jets+/𝐸t+X 0.022 0.64 960 - 1140 6.0 16.1± 3.4
189 1e+2γ+1jet+X 0.046 0.64 550 - 580 1.0 0.007± 0.06
190 2e+1µ+2jets+/𝐸t+X 0.064 0.64 1110 - 1200 1.0 0.07± 0.02
191 1e+1µ+3jets+X 0.02 0.64 230 - 260 8.0 3.1± 0.6
192 2τ+/𝐸t+X 0.075 0.64 230 - 310 4.0 1.4± 0.7
193 3e+2jets+X 0.04 0.65 310 - 360 4.0 1.1± 0.5
194 2µ+1τ+1jet+X 0.049 0.65 480 - 540 4.0 1.0± 0.7
195 1τ+1jet+/𝐸t+X 0.032 0.66 720 - 1000 87.0 138.3± 25.4
196 1e+1τ+1γ+1jet+/𝐸t+X 0.17 0.66 600 - 690 1.0 0.06± 0.2
197 1e+5jets+/𝐸t+X 0.021 0.66 520 - 580 31.0 18.8± 3.2
198 1µ+1τ+6jets+X 0.16 0.67 820 - 910 1.0 0.2± 0.1
199 1µ+1τ+X 0.065 0.68 370 - 600 2.0 11.6± 6.4
200 2µ+1τ+2jets+/𝐸t+X 0.13 0.68 950 - 1050 1.0 0.05± 0.1
201 1e+1γ+5jets+/𝐸t+X 0.11 0.68 1020 - 1110 1.0 0.002± 0.2
202 1µ+1τ+3jets+X 0.041 0.68 240 - 310 65.0 39.8± 12.2
203 2µ+2τ+X 0.17 0.69 180 - 210 1.0 0.08± 0.2
204 1e+1τ+1γ+X 0.086 0.69 70 - 180 1.0 7.0± 4.3
205 1µ+2τ+1jet+X 0.12 0.69 490 - 580 1.0 0.08± 0.1
206 1e+1µ+X 0.039 0.69 280 - 360 89.0 132.2± 21.9
207 2e+5jets+/𝐸t+X 0.036 0.7 610 - 750 0.0 3.7± 0.9
208 1e+1γ+2jets+X 0.027 0.7 1160 - 1820 6.0 0.9± 1.5
209 1e+1γ+1jet+/𝐸t+X 0.028 0.7 580 - 680 17.0 6.6± 3.9
210 3µ+1jet+X 0.03 0.71 500 - 4110 0.0 4.0± 1.0
211 2e+1τ+1γ+X 0.16 0.71 230 - 260 1.0 0.01± 0.2
212 1e+2µ+2jets+/𝐸t+X 0.076 0.71 270 - 590 0.0 2.8± 0.7
213 2e+1τ+3jets+/𝐸t+X 0.19 0.71 480 - 540 1.0 0.09± 0.2
214 1µ+1τ+1γ+X 0.091 0.72 260 - 290 1.0 0.05± 0.09
215 1e+2µ+/𝐸t+X 0.041 0.72 350 - 2640 1.0 5.7± 1.4
216 1e+1µ+1jet+X 0.039 0.72 680 - 860 6.0 14.6± 3.2
217 1τ+2jets+X 0.014 0.72 570 - 720 53.0 113.6± 25.9
218 2µ+4jets+/𝐸t+X 0.027 0.73 350 - 450 0.0 4.0± 0.8
219 1τ+3jets+/𝐸t+X 0.029 0.74 250 - 310 25.0 13.2± 4.2
220 1e+2jets+/𝐸t+X 0.013 0.74 1860 - 2260 10.0 1.9± 2.2
221 2µ+5jets+/𝐸t+X 0.041 0.74 2050 - 2200 1.0 0.0± 0.05
222 1µ+5jets+/𝐸t+X 0.027 0.75 1090 - 1230 26.0 51.9± 11.7
223 1e+2γ+X 0.06 0.75 220 - 250 2.0 0.3± 0.3
224 2µ+1τ+X 0.089 0.75 220 - 270 9.0 24.6± 10.9
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
225 3e+1jet+/𝐸t+X 0.055 0.76 300 - 380 0.0 3.5± 1.1
226 1e+1µ+2jets+/𝐸t+X 0.038 0.76 920 - 1010 4.0 10.9± 2.2
227 1τ+5jets+X 0.042 0.77 880 - 1000 4.0 1.0± 0.6
228 1µ+1τ+1jet+/𝐸t+X 0.058 0.77 150 - 180 37.0 16.2± 11.4
229 1e+2τ+X 0.15 0.77 90 - 120 2.0 0.3± 0.6
230 1e+1τ+1γ+/𝐸t+X 0.2 0.77 340 - 400 1.0 0.1± 0.2
231 2e+1µ+1jet+X 0.033 0.78 480 - 560 5.0 1.6± 0.5
232 2µ+1τ+1jet+/𝐸t+X 0.085 0.78 520 - 710 3.0 1.0± 0.3
233 1e+1µ+1τ+/𝐸t+X 0.11 0.8 320 - 400 4.0 1.6± 0.7
234 1e+1τ+1γ+1jet+X 0.12 0.8 510 - 570 1.0 0.03± 0.2
235 2e+1µ+1jet+/𝐸t+X 0.061 0.8 460 - 640 0.0 3.1± 0.7
236 1µ+1γ+/𝐸t+X 0.072 0.8 580 - 680 4.0 1.0± 1.0
237 1e+4jets+/𝐸t+X 0.031 0.8 2030 - 2570 4.0 0.3± 0.9
238 2µ+3jets+/𝐸t+X 0.032 0.81 1180 - 1580 1.0 6.4± 1.7
239 2e+1τ+2jets+/𝐸t+X 0.16 0.81 430 - 490 2.0 0.7± 0.4
240 1e+1τ+/𝐸t+X 0.07 0.82 270 - 330 102.0 69.6± 19.6
241 1e+2µ+1jet+/𝐸t+X 0.06 0.82 250 - 310 0.0 3.1± 0.8
242 1τ+2jets+/𝐸t+X 0.044 0.82 780 - 1010 58.0 100.1± 22.8
243 1τ+1jet+X 0.039 0.83 850 - 1200 1.0 11.1± 6.0
244 3e+2jets+/𝐸t+X 0.13 0.83 450 - 530 2.0 0.6± 0.3
245 2µ+1jet+/𝐸t+X 0.058 0.84 140 - 170 9.0 19.2± 4.8
246 1e+1τ+1jet+/𝐸t+X 0.056 0.85 790 - 880 4.0 1.0± 0.8
247 4e+X 0.14 0.86 290 - 320 1.0 0.2± 0.06
248 1e+2µ+1jet+X 0.05 0.86 520 - 3310 0.0 3.5± 1.0
249 1e+1µ+5jets+/𝐸t+X 0.062 0.87 640 - 730 0.0 3.0± 0.6
250 2e+7jets+X 0.088 0.87 820 - 880 1.0 0.007± 0.1
251 2e+4jets+/𝐸t+X 0.044 0.88 980 - 1100 0.0 3.7± 1.1
252 2e+4jets+X 0.028 0.89 910 - 1010 6.0 17.1± 4.5
253 1e+1µ+1jet+/𝐸t+X 0.068 0.9 1170 - 1360 3.0 0.8± 0.4
254 2e+1µ+X 0.063 0.9 600 - 630 1.0 0.06± 0.04
255 1e+3jets+/𝐸t+X 0.022 0.9 2110 - 2700 5.0 0.5± 1.1
256 1τ+6jets+/𝐸t+X 0.13 0.9 1140 - 1260 2.0 0.1± 0.7
257 1e+1µ+5jets+X 0.055 0.9 450 - 530 6.0 2.6± 0.5
258 4µ+X 0.14 0.91 140 - 200 1.0 4.0± 1.2
259 1e+/𝐸t+X 0.035 0.91 770 - 850 23.0 12.8± 3.5
260 2µ+/𝐸t+X 0.082 0.92 690 - 780 0.0 2.6± 0.5
261 1e+1µ+4jets+X 0.049 0.92 730 - 870 8.0 16.6± 3.3
262 1µ+2τ+/𝐸t+X 0.22 0.93 170 - 240 4.0 2.1± 1.2
263 3µ+/𝐸t+X 0.09 0.93 560 - 640 2.0 0.5± 0.1
264 1µ+1τ+2jets+/𝐸t+X 0.096 0.94 590 - 680 32.0 22.3± 5.0
265 1e+1jet+/𝐸t+X 0.038 0.94 1450 - 1680 8.0 22.0± 6.6
266 1e+1µ+3jets+/𝐸t+X 0.071 0.94 540 - 600 44.0 62.9± 10.1
267 1µ+3jets+/𝐸t+X 0.057 0.94 1910 - 2490 1.0 7.8± 3.8
268 1e+2µ+2jets+X 0.096 0.94 540 - 3540 0.0 2.7± 0.8
269 1τ+6jets+X 0.16 0.95 570 - 940 1.0 4.5± 2.4
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011,
considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
270 1µ+1γ+1jet+/𝐸t+X 0.11 0.95 1320 - 1440 1.0 0.01± 0.1
271 1e+2jets+X 0.024 0.95 1730 - 2020 13.0 3.7± 3.3
272 2µ+1τ+/𝐸t+X 0.15 0.96 310 - 2540 1.0 3.8± 1.2
273 1µ+1τ+4jets+X 0.099 0.96 970 - 1120 2.0 0.5± 0.2
274 1e+2µ+3jets+X 0.29 0.96 300 - 3640 1.0 2.8± 1.2
275 1e+8jets+X 0.14 0.96 850 - 1060 3.0 1.2± 0.4
276 1e+5jets+X 0.058 0.97 470 - 530 97.0 72.4± 12.3
277 2µ+6jets+X 0.21 0.97 940 - 1030 1.0 0.2± 0.1
278 2e+1jet+X 0.017 0.97 1320 - 1380 2.0 0.1± 0.1
279 1µ+3jets+X 0.076 0.97 660 - 720 815.0 1000.0± 125.0
280 1e+6jets+X 0.069 0.98 570 - 630 6.0 12.4± 2.3
281 2µ+6jets+/𝐸t+X 0.25 0.98 870 - 960 1.0 0.3± 0.1
282 1µ+1τ+2jets+X 0.14 0.98 760 - 910 2.0 7.3± 4.2
283 3e+1jet+X 0.087 0.98 160 - 190 8.0 3.6± 1.8
284 1µ+1τ+1jet+X 0.21 0.99 520 - 640 14.0 21.3± 7.0
285 1e+2µ+X 0.14 0.99 360 - 3240 1.0 4.2± 1.5
286 1µ+1τ+/𝐸t+X 0.23 0.99 480 - 660 3.0 6.6± 3.3
287 1e+1γ+1jet+X 0.047 0.99 1020 - 1320 5.0 0.9± 1.3
288 3e+X 0.15 1.0 360 - 390 3.0 1.2± 0.5
289 1e+1τ+1jet+X 0.1 1.0 600 - 690 4.0 12.9± 6.5
290 1e+1γ+X 0.074 1.0 330 - 360 14.0 35.2± 13.7
291 1e+X 0.063 1.0 700 - 790 1.0 9.3± 6.2
292 1e+1µ+/𝐸t+X 0.19 1.0 680 - 740 0.0 1.8± 0.4
293 1e+1τ+2jets+X 0.1 1.0 730 - 4200 4.0 15.9± 11.1
294 2e+2jets+X 0.05 1.0 760 - 920 112.0 156.6± 24.1
295 1e+1jet+X 0.11 1.0 1170 - 1320 11.0 24.9± 10.3
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C.4.2 Combined Mass
C.4.2.1 Exclusive Event Classes
Table C.17: Full list of the detailed scan of the exclusive combined mass distributions in all considered event
classes in 2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2e+1γ+3jets 5.54 · 10−8 4.50 · 10−6 840 - 980 3.0 0.001± 0.006
2 2e+1µ+3jets 2.97 · 10−6 1.92 · 10−4 910 - 1010 3.0 0.02± 0.01
3 1e+1µ+1γ+3jets+/𝐸t 1.89 · 10−5 4.85 · 10−4 630 - 710 2.0 4.4 · 10−4 ± 59.9 · 10−4
4 2µ+1τ 7.96 · 10−6 5.11 · 10−4 300 - 400 29.0 5.8± 3.1
5 1µ+2τ 3.19 · 10−5 0.0012 160 - 330 11.0 1.3± 0.8
6 2µ+1γ+3jets 2.74 · 10−5 0.0013 960 - 1110 2.0 5.0 · 10−4 ± 72.3 · 10−4
7 1µ+2τ+3jets 7.04 · 10−4 0.0025 360 - 380 1.0 2.4 · 10−6 ± 881.7 · 10−6
8 2e+1τ+3jets 1.04 · 10−4 0.0066 530 - 550 2.0 7.1 · 10−6 ± 14541.8 · 10−6
9 1µ+1γ+3jets 1.66 · 10−5 0.0084 540 - 580 11.0 1.3± 0.7
10 1e+1γ+3jets+/𝐸t 1.14 · 10−4 0.013 620 - 660 8.0 1.0± 0.5
11 3e 1.46 · 10−4 0.015 470 - 490 4.0 0.2± 0.1
12 2e+1τ+2jets 1.49 · 10−4 0.018 310 - 350 4.0 0.2± 0.1
13 1τ+3jets+/𝐸t 8.88 · 10−5 0.019 700 - 730 11.0 1.9± 0.8
14 2e+1µ+1γ+1jet+/𝐸t 0.002 0.021 810 - 830 1.0 4.3 · 10−4 ± 22.5 · 10−4
15 1µ+1τ+1γ+3jets 6.65 · 10−4 0.021 420 - 440 1.0 0.0± 8.3 · 10−4
16 2e+1τ+1γ+1jet 0.0019 0.024 340 - 350 1.0 2.5 · 10−4 ± 22.2 · 10−4
17 2e+1γ+2jets 2.06 · 10−4 0.025 320 - 350 3.0 0.05± 0.07
18 1e+2γ+3jets 5.49 · 10−4 0.026 1040 - 1060 1.0 0.0± 6.9 · 10−4
19 2µ+1γ+2jets 6.16 · 10−5 0.03 520 - 540 3.0 0.007± 0.06
20 1e+2µ+1γ 0.0013 0.031 310 - 330 2.0 0.04± 0.03
21 1e+1µ+6jets+/𝐸t 7.63 · 10−4 0.033 810 - 900 3.0 0.1± 0.08
22 3e+4jets 0.0013 0.034 1210 - 1240 1.0 2.1 · 10−4 ± 15.5 · 10−4
23 3µ+3jets 0.0013 0.04 410 - 430 1.0 2.6 · 10−4 ± 14.7 · 10−4
24 2e+1τ+1jet+/𝐸t 9.34 · 10−4 0.041 750 - 780 2.0 0.03± 0.03
25 2e+2µ+/𝐸t 0.004 0.043 210 - 220 1.0 0.002± 0.004
26 2e+1γ+1jet+/𝐸t 0.0011 0.044 560 - 580 2.0 0.03± 0.03
27 1τ+1γ+2jets+/𝐸t 0.003 0.047 1440 - 1490 1.0 4.1 · 10−8 ± 380408.0 · 10−8
28 4e+/𝐸t 0.0049 0.048 240 - 250 1.0 0.002± 0.005
29 1µ+2γ+2jets+/𝐸t 0.0019 0.051 530 - 550 1.0 0.0± 0.002
30 1µ+1τ+1γ+1jet 0.0034 0.06 260 - 440 3.0 0.1± 0.2
31 2τ+4jets+/𝐸t 0.0019 0.06 1780 - 1840 1.0 0.0± 0.002
32 1µ+1τ+3jets 4.04 · 10−4 0.062 630 - 740 23.0 7.2± 2.5
33 1τ+1γ+1jet+/𝐸t 0.0013 0.066 480 - 610 4.0 0.05± 0.4
34 1e+1µ+1γ 0.0019 0.071 210 - 230 4.0 0.4± 0.2
35 2e+2τ 0.0041 0.082 220 - 240 2.0 0.03± 0.08
36 1µ+2γ+2jets 0.0027 0.083 370 - 380 1.0 2.7 · 10−4 ± 32.6 · 10−4
37 2e+1jet+/𝐸t 6.10 · 10−4 0.083 520 - 540 19.0 6.2± 1.8
38 1e+1τ+5jets+/𝐸t 0.002 0.086 500 - 520 1.0 0.0± 0.003
39 1µ+4jets+/𝐸t 3.30 · 10−4 0.09 1470 - 1550 10.0 1.7± 0.9
40 1µ+3jets+/𝐸t 1.60 · 10−4 0.091 1610 - 1660 7.0 0.6± 0.5
41 1e+1τ 0.0013 0.094 90 - 100 35.0 10.6± 6.0
42 1µ+1γ+6jets+/𝐸t 0.0071 0.094 780 - 810 1.0 0.005± 0.006
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
43 1µ+9jets+/𝐸t 0.0017 0.098 640 - 670 1.0 0.0± 0.002
44 2e+2γ 0.005 0.1 340 - 350 1.0 0.002± 0.005
45 1µ+1τ+5jets+/𝐸t 0.0027 0.11 720 - 780 4.0 0.5± 0.2
46 1µ+1γ+4jets+/𝐸t 0.0021 0.12 2140 - 2190 1.0 0.0± 0.003
47 2e+1γ+4jets 0.0023 0.12 680 - 700 1.0 0.0± 0.003
48 2µ+5jets 6.63 · 10−4 0.12 1270 - 1390 5.0 0.3± 0.4
49 2τ+/𝐸t 0.014 0.13 350 - 470 2.0 0.1± 0.1
50 1µ+8jets+/𝐸t 0.002 0.13 2260 - 2310 1.0 0.0± 0.002
51 3µ 0.0025 0.13 440 - 470 3.0 0.2± 0.09
52 1τ+1γ+3jets+/𝐸t 0.035 0.13 640 - 670 1.0 0.03± 0.03
53 1µ+1γ+2jets 9.17 · 10−4 0.13 650 - 670 5.0 0.4± 0.4
54 1e+1µ+1τ+1jet 0.0039 0.14 220 - 230 3.0 0.2± 0.2
55 1e+2µ+1τ 0.015 0.14 170 - 180 1.0 0.01± 0.01
56 2e+1µ+3jets+/𝐸t 0.0084 0.14 1190 - 1220 1.0 0.007± 0.006
57 2µ+1jet 0.0018 0.15 1280 - 1470 12.0 3.1± 1.4
58 3e+3jets+/𝐸t 0.013 0.15 510 - 650 2.0 0.2± 0.05
59 2e+1γ 9.50 · 10−4 0.15 240 - 260 10.0 1.9± 1.1
60 1e+9jets 0.012 0.15 1960 - 2000 1.0 0.0± 0.02
61 1e+1τ+1jet+/𝐸t 0.0021 0.16 420 - 440 11.0 3.1± 1.0
62 1e+2jets+/𝐸t 5.30 · 10−4 0.16 1230 - 1260 12.0 2.1± 1.4
63 3e+1jet 0.0017 0.16 210 - 220 3.0 0.2± 0.08
64 1e+1γ+5jets 0.0049 0.17 1430 - 1460 1.0 0.0± 0.006
65 1e+1γ+4jets+/𝐸t 0.0044 0.18 590 - 610 2.0 0.04± 0.08
66 1µ+1γ+1jet 0.0027 0.18 580 - 600 4.0 0.1± 0.4
67 1µ+2τ+/𝐸t 0.0083 0.18 200 - 240 3.0 0.2± 0.3
68 1e+1τ+1γ+1jet+/𝐸t 0.036 0.19 600 - 630 1.0 0.03± 0.03
69 2e+5jets 2.43 · 10−4 0.19 740 - 800 8.0 0.9± 0.7
70 2µ+1γ+/𝐸t 0.0079 0.19 490 - 510 1.0 0.002± 0.009
71 1e+6jets 7.46 · 10−4 0.2 1850 - 1890 4.0 0.2± 0.2
72 3e+1γ 0.011 0.2 400 - 410 1.0 0.007± 0.009
73 2µ+1γ+1jet+/𝐸t 0.01 0.21 290 - 330 3.0 0.4± 0.2
74 2e+1τ 0.0052 0.21 540 - 560 2.0 0.02± 0.1
75 1e+1µ+1γ+/𝐸t 0.01 0.21 400 - 660 2.0 0.1± 0.08
76 1e+1µ+1τ+1jet+/𝐸t 0.0082 0.21 380 - 400 3.0 0.3± 0.2
77 2e+/𝐸t 0.0034 0.22 150 - 160 420.0 292.6± 42.6
78 1e+1µ+2jets 0.0018 0.22 1220 - 1310 5.0 0.3± 0.5
79 2µ+1jet+/𝐸t 0.003 0.22 930 - 1020 5.0 0.7± 0.4
80 1µ+1γ+5jets 0.0044 0.22 1140 - 1170 1.0 0.0± 0.006
81 2e+7jets+/𝐸t 0.036 0.22 870 - 900 1.0 0.03± 0.03
82 1µ+2τ+1jet+/𝐸t 0.014 0.23 600 - 630 1.0 0.007± 0.01
83 2µ+1τ+3jets 0.011 0.23 770 - 980 2.0 0.1± 0.1
84 1e+5jets 3.46 · 10−4 0.23 1060 - 1090 16.0 4.7± 1.2
85 1e+7jets+/𝐸t 0.0049 0.23 1520 - 1800 4.0 0.6± 0.2
86 1µ+1γ+2jets+/𝐸t 0.0033 0.24 830 - 950 7.0 0.9± 1.0
87 3µ+1jet 0.0053 0.25 200 - 330 0.0 6.7± 1.7
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
88 1µ+1τ+1jet+/𝐸t 0.0047 0.25 770 - 830 4.0 0.2± 0.5
89 1e+1τ+6jets+/𝐸t 0.035 0.25 1380 - 1420 1.0 0.03± 0.03
90 1e+1τ+3jets 0.0026 0.26 600 - 750 13.0 3.7± 1.6
91 2µ+1γ 0.006 0.27 330 - 360 9.0 2.1± 1.3
92 2e+1γ+1jet 0.0026 0.27 240 - 250 8.0 1.3± 1.0
93 2e+2µ 0.009 0.27 160 - 180 2.0 0.1± 0.05
94 2e+2µ+1jet 0.016 0.28 550 - 560 1.0 0.01± 0.01
95 1e+8jets+/𝐸t 0.024 0.28 900 - 930 1.0 1.7 · 10−5 ± 3062.9 · 10−5
96 1µ+1τ+7jets+/𝐸t 0.039 0.28 950 - 980 1.0 0.03± 0.04
97 1e+1µ+1γ+2jets+/𝐸t 0.016 0.28 710 - 730 1.0 0.01± 0.01
98 1e+1µ 0.0057 0.28 300 - 310 19.0 7.8± 2.4
99 1e+1µ+1τ+2jets 0.012 0.29 500 - 540 2.0 0.1± 0.09
100 2µ+1τ+2jets 0.007 0.29 640 - 660 2.0 0.09± 0.08
101 2µ+1τ+1jet 0.0064 0.31 1170 - 1270 2.0 0.0± 0.1
102 3e+/𝐸t 0.011 0.31 180 - 220 15.0 6.5± 1.7
103 3e+2jets 0.0061 0.31 1150 - 1230 2.0 0.05± 0.09
104 1e+1µ+7jets+/𝐸t 0.037 0.32 1050 - 1080 1.0 0.03± 0.03
105 2µ+/𝐸t 0.0064 0.33 660 - 690 3.0 0.3± 0.2
106 2e+1µ+/𝐸t 0.0094 0.33 260 - 520 0.0 5.5± 1.3
107 1e+4jets+/𝐸t 0.0021 0.33 400 - 420 14.0 5.0± 1.1
108 1e+1γ+4jets 0.0061 0.34 970 - 1060 2.0 0.04± 0.1
109 2e+1γ+2jets+/𝐸t 0.036 0.35 630 - 650 1.0 0.03± 0.03
110 1e+1µ+1τ+2jets+/𝐸t 0.028 0.35 550 - 620 2.0 0.2± 0.1
111 3e+1jet+/𝐸t 0.012 0.35 460 - 500 3.0 0.4± 0.1
112 2µ+4jets+/𝐸t 0.0049 0.35 490 - 510 9.0 2.9± 0.6
113 1µ+1τ+5jets 0.021 0.36 900 - 930 1.0 0.007± 0.02
114 1µ+6jets+/𝐸t 0.0036 0.36 780 - 810 1.0 9.6± 2.1
115 2e+6jets 0.0056 0.36 1390 - 1630 3.0 0.05± 0.3
116 1e+4jets 7.81 · 10−4 0.37 760 - 820 184.0 98.4± 23.7
117 3µ+2jets 0.017 0.37 610 - 650 2.0 0.2± 0.06
118 1e+1µ+1τ+3jets+/𝐸t 0.071 0.39 520 - 660 2.0 0.4± 0.2
119 1e+1τ+/𝐸t 0.011 0.39 120 - 150 7.0 0.5± 1.6
120 1µ+1γ 0.013 0.4 10 - 20 16.0 43.8± 11.2
121 4e 0.019 0.4 290 - 370 3.0 0.5± 0.2
122 1e+2µ+2jets 0.01 0.4 330 - 350 2.0 0.08± 0.1
123 2µ+1τ+3jets+/𝐸t 0.049 0.41 540 - 560 1.0 0.04± 0.04
124 1µ+1τ+3jets+/𝐸t 0.0087 0.42 310 - 330 7.0 1.8± 0.7
125 2τ+3jets+/𝐸t 0.043 0.42 540 - 570 1.0 0.03± 0.03
126 2µ 0.012 0.44 500 - 520 4.0 13.1± 2.4
127 2e+1µ 0.011 0.45 600 - 610 1.0 0.005± 0.01
128 1e+5jets+/𝐸t 0.004 0.45 560 - 580 15.0 6.2± 1.0
129 1e+1τ+4jets+/𝐸t 0.017 0.45 440 - 840 11.0 4.2± 1.5
130 1e+1τ+3jets+/𝐸t 0.0079 0.46 790 - 850 5.0 0.9± 0.5
131 1µ+1τ+1γ 0.031 0.46 370 - 390 1.0 4.6 · 10−4 ± 391.5 · 10−4
132 1e+2γ 0.025 0.47 280 - 350 2.0 0.06± 0.2
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
133 1e+1µ+1τ+/𝐸t 0.041 0.48 170 - 210 4.0 1.1± 0.5
134 1e+1µ+1γ+1jet 0.027 0.49 450 - 460 1.0 0.02± 0.02
135 1e+1τ+1γ+2jets 0.023 0.5 530 - 550 1.0 0.0± 0.03
136 2e+6jets+/𝐸t 0.062 0.51 600 - 630 1.0 0.06± 0.04
137 2µ+2jets+/𝐸t 0.0077 0.51 410 - 430 104.0 68.6± 10.9
138 3µ+3jets+/𝐸t 0.055 0.51 570 - 590 1.0 0.06± 0.02
139 1e+/𝐸t 0.0036 0.52 10 - 40 377.0 221.2± 54.7
140 1µ+1γ+3jets+/𝐸t 0.015 0.52 320 - 380 10.0 3.4± 1.5
141 1τ+2jets+/𝐸t 0.0081 0.53 1130 - 1220 4.0 0.1± 0.6
142 1e+1τ+2jets+/𝐸t 0.011 0.53 470 - 490 10.0 3.7± 1.0
143 1µ+8jets 0.041 0.53 1130 - 1220 2.0 0.3± 0.1
144 4µ+1jet 0.032 0.54 390 - 400 1.0 0.03± 0.02
145 2µ+1τ+/𝐸t 0.034 0.54 180 - 190 3.0 0.6± 0.2
146 2µ+6jets 0.019 0.55 1680 - 1720 1.0 0.006± 0.02
147 1e+1µ+4jets 0.0081 0.55 1950 - 1990 1.0 0.0± 0.01
148 2e+3jets+/𝐸t 0.0072 0.55 1040 - 1160 7.0 1.8± 0.6
149 1e+1τ+4jets 0.024 0.56 730 - 820 3.0 0.5± 0.2
150 2τ+2jets+/𝐸t 0.034 0.57 930 - 970 1.0 0.006± 0.04
151 3µ+/𝐸t 0.022 0.58 620 - 640 1.0 0.02± 0.01
152 1e+1γ+2jets 0.008 0.58 940 - 960 5.0 0.5± 0.8
153 2e+2jets+/𝐸t 0.0079 0.59 540 - 580 54.0 32.3± 5.9
154 1µ+1τ+4jets 0.013 0.59 640 - 760 8.0 2.2± 1.2
155 1µ+2jets 0.0067 0.6 760 - 790 398.0 566.7± 64.8
156 1µ+1τ+4jets+/𝐸t 0.017 0.6 520 - 540 5.0 1.2± 0.5
157 1e+1τ+1γ+1jet 0.057 0.63 590 - 610 1.0 5.1 · 10−5 ± 7454.0 · 10−5
158 2µ+6jets+/𝐸t 0.071 0.63 870 - 900 1.0 0.06± 0.05
159 2e+4jets+/𝐸t 0.013 0.64 1220 - 1250 2.0 0.1± 0.1
160 2e+1γ+/𝐸t 0.06 0.64 140 - 160 2.0 0.3± 0.2
161 1µ+1τ+1jet 0.023 0.64 450 - 470 20.0 7.8± 4.4
162 2e+1µ+1jet+/𝐸t 0.031 0.65 400 - 1870 0.0 3.9± 0.9
163 1e+1µ+4jets+/𝐸t 0.014 0.65 690 - 750 2.0 9.0± 1.7
164 2e+1µ+1jet 0.019 0.66 370 - 400 4.0 0.9± 0.3
165 1µ+2jets+/𝐸t 6.70 · 10−4 0.67 1250 - 1500 37.0 99.1± 17.9
166 1µ+/𝐸t 0.015 0.67 490 - 6580 84.0 126.4± 16.6
167 1e+1τ+1γ 0.048 0.67 160 - 170 1.0 0.002± 0.06
168 2τ+1jet+/𝐸t 0.052 0.69 850 - 890 1.0 0.007± 0.07
169 1µ+1τ+/𝐸t 0.034 0.69 70 - 80 8.0 3.0± 1.3
170 2µ+1γ+1jet 0.021 0.69 360 - 410 1.0 10.3± 4.0
171 3µ+1jet+/𝐸t 0.039 0.71 220 - 310 0.0 3.7± 0.9
172 1µ+5jets 0.0075 0.72 1720 - 1920 14.0 4.7± 2.1
173 2e+1µ+2jets+/𝐸t 0.059 0.72 530 - 590 2.0 0.4± 0.1
174 1µ+7jets 0.012 0.73 1460 - 1520 4.0 0.5± 0.5
175 1e+1µ+1τ 0.063 0.73 150 - 160 2.0 0.4± 0.2
176 2µ+2τ 0.089 0.74 290 - 310 1.0 0.007± 0.1
177 1e+2µ+1jet 0.031 0.75 480 - 520 3.0 0.6± 0.2
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
178 2e+1τ+/𝐸t 0.057 0.76 120 - 130 1.0 0.04± 0.05
179 1µ+5jets+/𝐸t 0.015 0.76 1590 - 1670 5.0 1.0± 0.6
180 1e+1γ+2jets+/𝐸t 0.026 0.76 1850 - 1890 1.0 1.2 · 10−5 ± 3279.6 · 10−5
181 1e+1µ+3jets 0.015 0.77 760 - 820 2.0 8.9± 1.7
182 1e+2γ+1jet 0.03 0.77 360 - 370 1.0 0.007± 0.04
183 1τ+/𝐸t 0.042 0.77 500 - 570 5.0 1.5± 0.8
184 1µ+6jets 0.01 0.78 900 - 960 2.0 10.1± 2.2
185 1e+1µ+1jet 0.022 0.78 480 - 500 14.0 6.8± 1.5
186 2µ+1τ+2jets+/𝐸t 0.072 0.79 950 - 980 1.0 0.02± 0.08
187 1e+1γ+5jets+/𝐸t 0.054 0.79 1080 - 1110 1.0 1.9 · 10−4 ± 704.2 · 10−4
188 1µ+1τ 0.06 0.81 210 - 230 97.0 55.5± 24.7
189 1e+2µ+3jets 0.045 0.81 900 - 920 1.0 0.02± 0.05
190 1e+1µ+/𝐸t 0.031 0.81 660 - 680 2.0 0.3± 0.1
191 1µ+1γ+/𝐸t 0.035 0.81 250 - 300 24.0 12.2± 4.7
192 1e+1µ+3jets+/𝐸t 0.022 0.81 620 - 640 4.0 11.5± 1.8
193 3µ+2jets+/𝐸t 0.083 0.81 470 - 530 2.0 0.5± 0.1
194 1e+6jets+/𝐸t 0.023 0.82 960 - 1110 3.0 10.1± 2.0
195 1e+3jets+/𝐸t 0.0081 0.84 2110 - 2200 3.0 0.04± 0.4
196 1e+1τ+5jets 0.045 0.84 740 - 770 1.0 5.0 · 10−4 ± 581.4 · 10−4
197 1µ+2γ 0.1 0.86 180 - 190 1.0 0.04± 0.1
198 2e+1τ+2jets+/𝐸t 0.19 0.86 450 - 470 1.0 0.2± 0.1
199 1µ+3jets 0.016 0.86 240 - 250 136.0 94.6± 15.7
200 1µ+1γ+4jets 0.06 0.87 1170 - 1200 1.0 0.0± 0.08
201 2µ+1τ+1jet+/𝐸t 0.08 0.87 280 - 320 5.0 2.0± 0.8
202 1e+2µ+/𝐸t 0.056 0.87 240 - 270 5.0 1.9± 0.5
203 1µ+1γ+1jet+/𝐸t 0.046 0.87 580 - 1280 1.0 8.2± 3.7
204 2µ+2jets 0.026 0.88 150 - 200 28.0 54.9± 12.2
205 2e+1τ+3jets+/𝐸t 0.1 0.88 480 - 500 1.0 0.06± 0.1
206 1e+1jet+/𝐸t 0.011 0.88 220 - 240 2.9 · 103 1.9 · 103 ± 0.4 · 103
207 1e+7jets 0.032 0.88 1630 - 1690 2.0 0.2± 0.2
208 1e+2µ+2jets+/𝐸t 0.11 0.9 590 - 610 1.0 0.1± 0.04
209 1e+2µ+1jet+/𝐸t 0.067 0.9 230 - 310 0.0 3.0± 0.7
210 1e+1τ+1jet 0.02 0.9 970 - 1010 5.0 0.08± 1.2
211 1e+1γ+/𝐸t 0.044 0.91 570 - 590 2.0 0.07± 0.3
212 2e+5jets+/𝐸t 0.07 0.91 630 - 750 0.0 2.9± 0.7
213 2µ+4jets 0.019 0.93 1580 - 1620 4.0 0.08± 0.8
214 1e+2µ 0.053 0.93 170 - 200 27.0 15.2± 5.3
215 2e+1τ+1jet 0.058 0.93 250 - 260 11.0 4.6± 2.6
216 2µ+5jets+/𝐸t 0.051 0.94 2050 - 2100 1.0 0.0± 0.07
217 1e+3jets 0.0091 0.94 310 - 370 598.0 410.4± 75.6
218 1e+1γ+1jet+/𝐸t 0.04 0.94 280 - 340 41.0 21.6± 9.1
219 1e+1µ+5jets 0.058 0.94 770 - 890 3.0 0.8± 0.3
220 1τ+4jets+/𝐸t 0.056 0.95 430 - 880 11.0 22.9± 5.8
221 3e+2jets+/𝐸t 0.11 0.95 530 - 550 1.0 0.1± 0.07
222 2e+3jets 0.016 0.95 810 - 830 46.0 27.9± 5.6
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
223 2µ+3jets+/𝐸t 0.036 0.95 1090 - 4890 3.0 10.2± 2.7
224 1µ+2τ+1jet 0.16 0.95 170 - 180 1.0 0.04± 0.2
225 1µ+7jets+/𝐸t 0.068 0.96 1140 - 1410 1.0 5.0± 1.3
226 2e+1µ+2jets 0.12 0.96 540 - 560 1.0 0.1± 0.05
227 1τ+1jet+/𝐸t 0.043 0.96 1150 - 1200 3.0 0.03± 0.7
228 2e+1jet 0.026 0.97 820 - 860 26.0 46.0± 8.1
229 1e+1µ+1jet+/𝐸t 0.057 0.97 100 - 180 7.0 17.7± 5.4
230 1e+1µ+5jets+/𝐸t 0.088 0.98 640 - 730 0.0 2.6± 0.6
231 1e+1γ+3jets 0.044 0.98 1240 - 1330 3.0 0.6± 0.4
232 1e+1µ+2jets+/𝐸t 0.056 0.98 860 - 920 8.0 3.7± 1.0
233 1µ+1τ+2jets 0.067 0.98 1070 - 4510 1.0 8.6± 5.4
234 2µ+3jets 0.039 0.98 1720 - 2150 4.0 11.9± 3.0
235 1µ+4jets 0.045 0.99 640 - 660 155.0 114.6± 20.4
236 1µ+1τ+2jets+/𝐸t 0.074 0.99 270 - 290 39.0 25.2± 7.4
237 1µ+1jet+/𝐸t 0.0043 0.99 660 - 720 304.0 440.4± 48.3
238 1τ+5jets+/𝐸t 0.21 1.0 720 - 750 1.0 0.2± 0.1
239 4µ 0.19 1.0 270 - 280 1.0 0.2± 0.07
240 1e+2jets 0.052 1.0 2540 - 4040 3.0 23.1± 18.6
241 1τ+6jets+/𝐸t 0.21 1.0 1180 - 1220 1.0 0.04± 0.3
242 1e+1jet 0.034 1.0 760 - 780 689.0 282.2± 216.0
243 2e+4jets 0.066 1.0 1720 - 1750 2.0 0.0± 0.5
244 2e+2jets 0.0086 1.0 1220 - 1280 13.0 31.2± 5.9
245 2e 0.026 1.0 920 - 990 7.0 1.6± 1.5
246 1µ+1jet 0.054 1.0 1070 - 1130 10.0 3.9± 2.4
247 1e+1γ 0.061 1.0 430 - 470 1.0 8.2± 4.4
248 1e+1γ+1jet 0.24 1.0 1460 - 1480 1.0 0.004± 0.4
249 1e+1τ+2jets 0.29 1.0 1780 - 1840 1.0 5.7 · 10−4 ± 4748.5 · 10−4
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C.4.2.2 Inclusive Event Classes
Table C.18: Full list of the detailed scan of the inclusive combined mass distributions in all considered event
classes in 2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1e+1µ+1γ+3jets+/𝐸t+X 1.91 · 10−5 6.56 · 10−4 630 - 710 2.0 8.8 · 10−4 ± 58.3 · 10−4
2 2e+1γ+3jets+X 2.67 · 10−5 0.002 840 - 1020 3.0 0.04± 0.03
3 2e+1µ+1γ+/𝐸t+X 6.33 · 10−4 0.0056 700 - 720 1.0 0.0± 7.9 · 10−4
4 1µ+2γ+1jet+X 2.73 · 10−4 0.0077 300 - 310 2.0 0.01± 0.02
5 1τ+1γ+1jet+X 1.14 · 10−4 0.0081 290 - 540 11.0 1.5± 1.0
6 1µ+2τ+3jets+X 6.73 · 10−4 0.0099 360 - 380 1.0 2.4 · 10−6 ± 843.2 · 10−6
7 1e+1µ+1γ+2jets+/𝐸t+X 2.95 · 10−4 0.015 590 - 730 3.0 0.1± 0.06
8 2e+1µ+1γ+1jet+/𝐸t+X 0.002 0.02 810 - 830 1.0 4.3 · 10−4 ± 22.6 · 10−4
9 2e+1µ+3jets+X 4.91 · 10−4 0.022 910 - 1010 3.0 0.1± 0.05
10 2τ+4jets+/𝐸t+X 0.0022 0.023 1780 - 1840 1.0 0.0± 0.003
11 2e+1µ+1γ+1jet+X 0.0016 0.026 590 - 600 1.0 3.7 · 10−4 ± 17.9 · 10−4
12 1e+1µ+1γ+/𝐸t+X 6.36 · 10−4 0.029 600 - 660 2.0 0.02± 0.03
13 2τ+4jets+X 0.0018 0.037 2080 - 2140 1.0 0.0± 0.002
14 2e+1τ+3jets+X 6.63 · 10−4 0.037 530 - 550 2.0 0.02± 0.03
15 2µ+1γ+/𝐸t+X 8.73 · 10−4 0.038 220 - 260 7.0 1.2± 0.5
16 2e+1γ+X 2.65 · 10−4 0.044 240 - 250 10.0 1.6± 0.9
17 3e+4jets+X 0.0013 0.047 1210 - 1240 1.0 2.2 · 10−4 ± 15.5 · 10−4
18 1e+1γ+3jets+/𝐸t+X 5.65 · 10−4 0.048 600 - 660 11.0 2.3± 1.0
19 4e+/𝐸t+X 0.005 0.05 240 - 250 1.0 0.003± 0.005
20 2e+1µ+1γ+X 0.0037 0.05 410 - 420 1.0 0.001± 0.004
21 2e+2µ+/𝐸t+X 0.0048 0.05 210 - 220 1.0 0.003± 0.005
22 1e+2µ+1γ+X 0.0019 0.05 310 - 330 2.0 0.05± 0.03
23 2e+1γ+1jet+/𝐸t+X 0.0012 0.052 560 - 780 4.0 0.4± 0.2
24 1µ+2γ+2jets+/𝐸t+X 0.0017 0.055 530 - 550 1.0 0.0± 0.002
25 3e+1jet+X 3.76 · 10−4 0.057 160 - 220 10.0 1.8± 0.8
26 1e+1γ+5jets+X 4.60 · 10−4 0.058 1430 - 1460 2.0 6.0 · 10−6 ± 30836.7 · 10−6
27 2µ+1γ+2jets+X 2.17 · 10−4 0.061 520 - 540 3.0 0.06± 0.07
28 2e+1τ+1jet+/𝐸t+X 0.0017 0.066 750 - 780 2.0 0.04± 0.04
29 1e+1µ+6jets+/𝐸t+X 0.0017 0.068 810 - 870 3.0 0.2± 0.09
30 1µ+2γ+2jets+X 0.002 0.073 410 - 420 1.0 0.0± 0.002
31 2τ+3jets+X 0.0021 0.073 1970 - 2040 1.0 0.0± 0.003
32 2µ+1τ+2jets+X 0.0011 0.075 640 - 660 3.0 0.1± 0.1
33 2e+1γ+4jets+X 0.0017 0.078 680 - 700 1.0 0.0± 0.002
34 1µ+1τ+1γ+3jets+X 0.002 0.081 420 - 440 1.0 0.0± 0.003
35 1τ+1γ+1jet+/𝐸t+X 0.0016 0.087 480 - 1390 7.0 1.0± 0.7
36 2µ+1τ+X 0.0025 0.096 300 - 340 30.0 10.6± 4.9
37 2τ+1jet+/𝐸t+X 0.0026 0.096 770 - 1120 3.0 0.2± 0.2
38 2µ+1γ+3jets+X 0.0019 0.097 960 - 1110 2.0 0.05± 0.03
39 2e+2τ+X 0.0047 0.098 220 - 240 2.0 0.04± 0.09
40 1µ+9jets+/𝐸t+X 0.0018 0.1 640 - 670 1.0 0.0± 0.002
41 2τ+3jets+/𝐸t+X 0.0064 0.11 1700 - 1760 1.0 0.0± 0.008
42 1µ+1γ+6jets+/𝐸t+X 0.0071 0.11 780 - 810 1.0 0.005± 0.006
43 2τ+2jets+X 0.0026 0.11 1830 - 1910 1.0 0.0± 0.003
44 2e+1γ+2jets+X 0.0011 0.11 320 - 350 3.0 0.1± 0.1
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1µ+2τ+X 0.0036 0.11 160 - 250 12.0 3.2± 1.7
46 1e+1τ+6jets+X 0.0029 0.11 1260 - 1290 1.0 0.001± 0.003
47 3µ+3jets+X 0.0027 0.12 550 - 590 2.0 0.07± 0.03
48 1τ+1γ+2jets+/𝐸t+X 0.0028 0.12 1440 - 1490 1.0 4.1 · 10−8 ± 355131.0 · 10−8
49 1e+1µ+1τ+1jet+/𝐸t+X 0.0045 0.12 480 - 520 3.0 0.3± 0.1
50 2e+1τ+1γ+1jet+X 0.0086 0.12 340 - 350 1.0 0.006± 0.008
51 1e+2γ+3jets+X 0.0083 0.12 1040 - 1080 1.0 0.005± 0.007
52 2τ+X 0.0051 0.13 140 - 240 8.0 1.7± 1.1
53 1µ+1γ+4jets+/𝐸t+X 0.0022 0.13 2140 - 2190 1.0 0.0± 0.003
54 1µ+1τ+3jets+X 0.0013 0.13 830 - 920 22.0 8.0± 2.4
55 1µ+8jets+/𝐸t+X 0.002 0.13 580 - 610 1.0 0.0± 0.002
56 1µ+9jets+X 0.0015 0.13 790 - 810 1.0 0.0± 0.002
57 1e+1µ+1γ+3jets+X 0.0066 0.13 830 - 850 1.0 0.0± 0.008
58 1e+1τ+1γ+X 0.0041 0.13 160 - 170 2.0 0.04± 0.08
59 1µ+1τ+5jets+/𝐸t+X 0.0036 0.13 720 - 780 4.0 0.5± 0.2
60 1e+1µ+1τ+X 0.0042 0.14 370 - 430 4.0 0.5± 0.3
61 1µ+4jets+X 5.53 · 10−4 0.14 2380 - 2440 6.0 0.7± 0.4
62 1τ+1γ+/𝐸t+X 0.0046 0.15 270 - 290 3.0 0.1± 0.3
63 1µ+1τ+7jets+X 0.0068 0.15 990 - 1050 1.0 0.005± 0.006
64 1τ+4jets+/𝐸t+X 0.0013 0.15 580 - 610 10.0 2.7± 0.7
65 2e+1µ+3jets+/𝐸t+X 0.0086 0.16 1190 - 1220 1.0 0.007± 0.006
66 2e+1µ+/𝐸t+X 0.0032 0.16 270 - 400 0.0 7.2± 1.7
67 3e+X 0.0011 0.16 460 - 490 5.0 0.7± 0.2
68 1τ+1γ+3jets+X 0.013 0.16 580 - 600 1.0 1.8 · 10−5 ± 1634.5 · 10−5
69 1µ+1γ+1jet+X 0.003 0.17 660 - 740 14.0 4.1± 1.8
70 1e+1τ+5jets+X 0.0017 0.17 740 - 770 2.0 5.2 · 10−4 ± 599.9 · 10−4
71 3µ+2jets+X 0.0035 0.18 450 - 510 5.0 0.9± 0.2
72 1e+1µ+1γ+1jet+/𝐸t+X 0.0061 0.18 460 - 740 4.0 0.6± 0.3
73 3e+3jets+X 0.0066 0.18 1100 - 1120 1.0 0.002± 0.007
74 1e+1τ+4jets+/𝐸t+X 0.0034 0.18 440 - 480 3.0 0.2± 0.2
75 2e+6jets+/𝐸t+X 0.0058 0.18 840 - 870 2.0 0.1± 0.05
76 1e+1µ+1τ+2jets+/𝐸t+X 0.007 0.18 550 - 570 2.0 0.1± 0.06
77 1e+2µ+1τ+X 0.017 0.19 170 - 180 1.0 0.01± 0.01
78 1e+1µ+1γ+X 0.0047 0.19 210 - 230 6.0 1.2± 0.5
79 1µ+8jets+X 0.002 0.19 3060 - 3110 1.0 0.0± 0.003
80 1µ+1τ+1jet+/𝐸t+X 0.0035 0.2 560 - 590 22.0 9.0± 2.6
81 1τ+1γ+3jets+/𝐸t+X 0.035 0.2 640 - 670 1.0 0.03± 0.03
82 1e+1τ+5jets+/𝐸t+X 0.011 0.2 500 - 520 1.0 0.0± 0.01
83 2τ+1jet+X 0.0055 0.21 670 - 750 3.0 0.2± 0.2
84 2τ+2jets+/𝐸t+X 0.012 0.21 930 - 1680 2.0 0.09± 0.1
85 1µ+2γ+1jet+/𝐸t+X 0.037 0.22 440 - 460 1.0 0.03± 0.03
86 1µ+2γ+/𝐸t+X 0.012 0.23 250 - 260 1.0 0.007± 0.01
87 1µ+1γ+5jets+X 0.0059 0.23 830 - 850 2.0 0.09± 0.06
88 2µ+1γ+X 0.005 0.23 330 - 370 14.0 4.0± 2.2
89 1e+1µ+1τ+1jet+X 0.0064 0.24 560 - 580 2.0 0.09± 0.07
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 1µ+2τ+1jet+/𝐸t+X 0.014 0.24 600 - 630 1.0 0.007± 0.01
91 1e+1γ+4jets+X 0.0021 0.24 1030 - 1120 3.0 0.2± 0.1
92 1µ+2τ+1jet+X 0.0089 0.24 840 - 880 1.0 0.007± 0.007
93 3e+3jets+/𝐸t+X 0.019 0.24 510 - 650 2.0 0.2± 0.06
94 1µ+1τ+3jets+/𝐸t+X 0.0038 0.24 310 - 330 8.0 2.0± 0.8
95 1e+1µ+1γ+2jets+X 0.0088 0.25 760 - 880 2.0 0.1± 0.06
96 1µ+7jets+/𝐸t+X 0.0043 0.25 2190 - 2240 1.0 2.6 · 10−5 ± 544.7 · 10−5
97 1µ+4jets+/𝐸t+X 0.0019 0.25 1800 - 1900 6.0 0.9± 0.5
98 2e+7jets+/𝐸t+X 0.036 0.26 870 - 900 1.0 0.03± 0.03
99 1τ+7jets+/𝐸t+X 0.034 0.26 860 - 890 1.0 0.03± 0.03
100 1τ+7jets+X 0.026 0.26 890 - 950 1.0 0.02± 0.02
101 1e+1γ+4jets+/𝐸t+X 0.0076 0.26 590 - 610 2.0 0.08± 0.09
102 1µ+1τ+7jets+/𝐸t+X 0.039 0.27 950 - 980 1.0 0.03± 0.04
103 1e+1µ+4jets+X 0.002 0.27 1950 - 2030 4.0 0.5± 0.2
104 3e+1γ+X 0.014 0.28 400 - 410 1.0 0.01± 0.01
105 1e+1τ+6jets+/𝐸t+X 0.035 0.28 1380 - 1420 1.0 0.03± 0.03
106 1e+2γ+X 0.0065 0.28 340 - 360 2.0 0.02± 0.1
107 1e+8jets+/𝐸t+X 0.024 0.3 900 - 930 1.0 1.7 · 10−5 ± 3063.0 · 10−5
108 2e+5jets+X 7.19 · 10−4 0.31 740 - 800 9.0 1.7± 0.8
109 2e+2µ+1jet+X 0.017 0.31 550 - 560 1.0 0.01± 0.01
110 2e+1γ+/𝐸t+X 0.014 0.32 670 - 690 1.0 0.01± 0.01
111 2e+3jets+/𝐸t+X 0.0028 0.32 1040 - 1130 12.0 3.4± 1.4
112 2e+2jets+/𝐸t+X 0.003 0.33 1730 - 1770 2.0 0.05± 0.06
113 2µ+1τ+1jet+X 0.007 0.33 1170 - 1270 2.0 0.01± 0.1
114 1e+1γ+2jets+/𝐸t+X 0.0049 0.33 560 - 600 11.0 3.1± 1.4
115 1µ+1γ+1jet+/𝐸t+X 0.0077 0.34 340 - 360 50.0 23.6± 8.6
116 2µ+1γ+1jet+/𝐸t+X 0.017 0.34 290 - 330 3.0 0.5± 0.2
117 1µ+1γ+6jets+X 0.039 0.34 870 - 910 1.0 0.03± 0.03
118 3µ+1jet+X 0.0066 0.35 240 - 320 1.0 9.4± 2.4
119 1µ+1γ+3jets+X 0.0045 0.35 540 - 560 10.0 2.8± 1.2
120 1e+1µ+7jets+/𝐸t+X 0.037 0.35 1050 - 1080 1.0 0.03± 0.03
121 1e+1τ+3jets+X 0.0037 0.36 600 - 620 8.0 1.9± 0.8
122 1e+1µ+7jets+X 0.037 0.36 1510 - 1540 1.0 0.03± 0.03
123 1e+9jets+X 0.037 0.36 1960 - 2000 1.0 0.03± 0.03
124 1e+1µ+6jets+X 0.01 0.37 710 - 730 1.0 0.004± 0.01
125 1e+1τ+1γ+2jets+X 0.034 0.38 530 - 550 1.0 2.6 · 10−5 ± 4443.2 · 10−5
126 1e+7jets+/𝐸t+X 0.01 0.38 1520 - 1800 4.0 0.7± 0.3
127 3e+2jets+/𝐸t+X 0.014 0.38 530 - 550 2.0 0.2± 0.08
128 2µ+5jets+X 0.0036 0.39 1860 - 2210 4.0 0.5± 0.3
129 1τ+2jets+/𝐸t+X 0.0055 0.39 1130 - 1220 6.0 0.7± 0.9
130 3e+/𝐸t+X 0.011 0.39 170 - 220 25.0 12.2± 3.3
131 1µ+1τ+4jets+X 0.005 0.4 970 - 1060 9.0 2.2± 1.1
132 1e+1µ+1τ+3jets+X 0.039 0.4 790 - 820 1.0 0.03± 0.03
133 2e+2µ+X 0.013 0.41 160 - 180 2.0 0.2± 0.06
134 2µ+1τ+3jets+/𝐸t+X 0.049 0.42 540 - 560 1.0 0.04± 0.04
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
135 1µ+/𝐸t+X 0.011 0.42 860 - 6580 3.0 10.7± 1.5
136 2e+1τ+1jet+X 0.0094 0.42 990 - 1080 2.0 0.03± 0.1
137 2e+2γ+X 0.013 0.43 340 - 350 1.0 0.003± 0.02
138 1e+1τ+/𝐸t+X 0.011 0.43 80 - 100 23.0 10.3± 3.5
139 3µ+2jets+/𝐸t+X 0.021 0.44 510 - 530 2.0 0.2± 0.06
140 1µ+1γ+4jets+X 0.01 0.44 670 - 710 5.0 1.1± 0.4
141 2e+1γ+1jet+X 0.006 0.44 240 - 250 9.0 2.1± 1.3
142 2e+/𝐸t+X 0.0098 0.45 30 - 40 29.0 14.1± 4.1
143 1µ+1τ+5jets+X 0.012 0.45 870 - 1110 7.0 1.9± 0.8
144 1e+1τ+4jets+X 0.012 0.46 500 - 640 7.0 2.0± 0.7
145 1µ+6jets+/𝐸t+X 0.0058 0.47 1050 - 1140 4.0 18.8± 4.8
146 1τ+1jet+/𝐸t+X 0.0086 0.47 30 - 60 13.0 4.2± 2.1
147 1e+1µ+1jet+X 0.0088 0.48 1350 - 1450 4.0 0.2± 0.6
148 1e+1µ+1τ+3jets+/𝐸t+X 0.074 0.48 520 - 540 1.0 0.07± 0.06
149 1τ+1γ+2jets+X 0.04 0.48 1130 - 1170 1.0 0.004± 0.05
150 1e+2µ+1jet+X 0.01 0.49 480 - 540 8.0 2.6± 0.7
151 1e+1τ+1γ+1jet+X 0.041 0.49 590 - 990 2.0 0.1± 0.3
152 2µ+X 0.016 0.49 500 - 520 7.0 17.7± 3.2
153 1µ+1γ+2jets+X 0.0084 0.5 1070 - 1130 6.0 1.2± 0.8
154 1e+1τ+1jet+/𝐸t+X 0.01 0.5 520 - 550 14.0 5.8± 1.6
155 1µ+1τ+2jets+X 0.01 0.51 850 - 950 22.0 9.7± 3.3
156 1µ+1τ+4jets+/𝐸t+X 0.011 0.51 630 - 690 9.0 3.0± 1.0
157 2e+1µ+2jets+/𝐸t+X 0.026 0.51 1140 - 1170 1.0 0.03± 0.01
158 1e+1µ+1τ+2jets+X 0.031 0.51 420 - 580 7.0 2.4± 1.1
159 1µ+1γ+2jets+/𝐸t+X 0.013 0.52 1450 - 1610 2.0 0.03± 0.2
160 1µ+1γ+X 0.02 0.52 330 - 340 8.0 2.5± 1.3
161 2e+1jet+/𝐸t+X 0.0067 0.52 560 - 600 17.0 37.8± 6.5
162 1µ+1τ+6jets+X 0.042 0.54 940 - 970 1.0 0.04± 0.03
163 1e+1µ+X 0.015 0.54 10 - 20 37.0 21.2± 4.7
164 1µ+1γ+3jets+/𝐸t+X 0.015 0.54 320 - 400 17.0 6.5± 3.1
165 1µ+2τ+2jets+X 0.075 0.54 310 - 330 1.0 0.07± 0.05
166 1e+1µ+1τ+/𝐸t+X 0.036 0.55 320 - 340 2.0 0.3± 0.1
167 1e+/𝐸t+X 0.0059 0.56 350 - 370 222.0 142.5± 28.0
168 1e+2µ+/𝐸t+X 0.017 0.56 70 - 80 1.0 0.01± 0.01
169 4µ+1jet+X 0.036 0.57 390 - 400 1.0 0.04± 0.02
170 1e+1τ+3jets+/𝐸t+X 0.012 0.57 350 - 430 7.0 1.9± 0.9
171 1µ+1τ+6jets+/𝐸t+X 0.089 0.57 920 - 950 1.0 0.09± 0.05
172 3µ+3jets+/𝐸t+X 0.055 0.58 570 - 590 1.0 0.06± 0.02
173 1e+1µ+4jets+/𝐸t+X 0.01 0.58 630 - 660 1.0 7.3± 1.3
174 1e+4jets+/𝐸t+X 0.0069 0.58 400 - 420 20.0 9.7± 1.7
175 1e+1µ+1γ+1jet+X 0.026 0.58 660 - 800 2.0 0.2± 0.1
176 1e+1µ+/𝐸t+X 0.016 0.59 60 - 70 23.0 41.9± 6.5
177 1µ+5jets+/𝐸t+X 0.0091 0.6 1980 - 2030 3.0 0.3± 0.2
178 2e+3jets+X 0.0029 0.6 1870 - 1900 5.0 0.2± 0.7
179 1µ+1τ+1γ+1jet+X 0.041 0.6 280 - 300 2.0 0.2± 0.2
Continued on next page. . .
C.4 Event Classes with Tauons 293
. . . continued from previous page.
Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
180 3µ+1jet+/𝐸t+X 0.024 0.6 220 - 310 0.0 4.4± 1.1
181 3e+2jets+X 0.017 0.61 1150 - 1230 2.0 0.1± 0.1
182 4e+X 0.034 0.61 290 - 370 3.0 0.7± 0.2
183 1τ+/𝐸t+X 0.033 0.61 310 - 330 14.0 6.3± 2.5
184 2µ+2jets+/𝐸t+X 0.011 0.61 950 - 1410 13.0 30.2± 5.8
185 1e+2γ+2jets+X 0.02 0.61 870 - 890 1.0 0.0± 0.03
186 2µ+1jet+X 0.015 0.62 1130 - 1280 22.0 41.6± 6.9
187 1e+1γ+3jets+X 0.0067 0.62 750 - 790 12.0 3.2± 2.0
188 1e+1µ+1jet+/𝐸t+X 0.015 0.62 700 - 720 1.0 6.9± 1.3
189 1µ+1τ+1γ+X 0.037 0.63 370 - 390 1.0 0.003± 0.05
190 2e+1γ+2jets+/𝐸t+X 0.097 0.63 630 - 650 1.0 0.06± 0.1
191 2µ+5jets+/𝐸t+X 0.021 0.64 2050 - 2100 1.0 0.0± 0.03
192 1τ+5jets+/𝐸t+X 0.017 0.64 660 - 780 7.0 2.2± 0.8
193 2µ+2τ+X 0.071 0.65 290 - 310 1.0 0.01± 0.09
194 1e+1µ+3jets+X 0.0093 0.65 1060 - 1120 3.0 12.2± 2.5
195 1e+2γ+1jet+X 0.022 0.65 620 - 630 1.0 5.9 · 10−4 ± 272.4 · 10−4
196 2e+1µ+X 0.015 0.65 580 - 610 2.0 0.2± 0.06
197 2µ+4jets+/𝐸t+X 0.014 0.65 490 - 510 9.0 3.4± 0.7
198 2e+6jets+X 0.02 0.65 1390 - 1630 3.0 0.4± 0.3
199 2e+1τ+X 0.036 0.65 360 - 440 14.0 5.8± 3.0
200 2µ+1jet+/𝐸t+X 0.017 0.68 990 - 1020 4.0 0.8± 0.4
201 1e+1τ+2jets+/𝐸t+X 0.018 0.69 470 - 530 28.0 14.9± 3.9
202 2µ+1γ+1jet+X 0.02 0.69 350 - 360 4.0 0.7± 0.6
203 2µ+4jets+X 0.0065 0.7 1780 - 1900 7.0 1.3± 1.0
204 1e+5jets+/𝐸t+X 0.011 0.7 560 - 580 17.0 8.3± 1.4
205 2µ+2jets+X 0.015 0.7 150 - 170 1.0 10.6± 3.8
206 2µ+6jets+/𝐸t+X 0.079 0.71 870 - 900 1.0 0.07± 0.06
207 1µ+2τ+/𝐸t+X 0.078 0.71 200 - 240 3.0 0.8± 0.5
208 1e+8jets+X 0.033 0.72 2050 - 2130 2.0 0.2± 0.1
209 2e+4jets+/𝐸t+X 0.019 0.75 710 - 740 8.0 3.0± 0.8
210 1e+2µ+2jets+X 0.032 0.75 330 - 350 2.0 0.3± 0.1
211 1e+2µ+1jet+/𝐸t+X 0.039 0.76 230 - 310 0.0 3.7± 0.9
212 3µ+/𝐸t+X 0.03 0.76 620 - 640 1.0 0.03± 0.02
213 2e+1µ+1jet+/𝐸t+X 0.04 0.76 440 - 640 0.0 3.6± 0.9
214 2e+1τ+/𝐸t+X 0.053 0.77 320 - 340 2.0 0.4± 0.1
215 1µ+1γ+5jets+/𝐸t+X 0.14 0.77 700 - 730 1.0 0.2± 0.07
216 2µ+1τ+3jets+X 0.041 0.77 950 - 980 1.0 0.009± 0.05
217 2e+1τ+1γ+X 0.083 0.77 230 - 240 1.0 0.004± 0.1
218 1e+2µ+X 0.029 0.77 370 - 550 1.0 7.6± 2.5
219 1µ+6jets+X 0.011 0.78 1500 - 2020 20.0 56.2± 14.6
220 1µ+7jets+X 0.012 0.78 1660 - 2300 2.0 12.3± 3.6
221 1τ+4jets+X 0.016 0.78 720 - 750 8.0 2.8± 0.8
222 3e+1jet+/𝐸t+X 0.046 0.78 480 - 500 2.0 0.3± 0.1
223 1e+1τ+1γ+1jet+/𝐸t+X 0.085 0.79 600 - 630 1.0 0.03± 0.1
224 2τ+/𝐸t+X 0.07 0.79 150 - 190 3.0 0.8± 0.4
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
225 1e+1γ+5jets+/𝐸t+X 0.054 0.79 1080 - 1110 1.0 1.9 · 10−4 ± 704.2 · 10−4
226 2µ+1τ+1jet+/𝐸t+X 0.053 0.79 520 - 560 2.0 0.3± 0.1
227 2e+1µ+2jets+X 0.039 0.8 540 - 580 3.0 0.7± 0.2
228 1e+1γ+/𝐸t+X 0.028 0.8 550 - 590 3.0 0.2± 0.5
229 1e+1τ+1γ+/𝐸t+X 0.099 0.81 200 - 210 1.0 0.03± 0.1
230 3µ+X 0.03 0.81 440 - 450 2.0 0.3± 0.08
231 1e+2µ+2jets+/𝐸t+X 0.075 0.81 250 - 590 0.0 2.9± 0.7
232 2µ+3jets+/𝐸t+X 0.019 0.83 910 - 940 0.0 5.0± 1.4
233 2µ+1τ+2jets+/𝐸t+X 0.074 0.83 950 - 980 1.0 0.03± 0.08
234 1e+1γ+2jets+X 0.02 0.83 1080 - 1100 5.0 0.9± 0.8
235 1µ+1τ+1γ+2jets+X 0.19 0.83 340 - 360 1.0 0.1± 0.2
236 2µ+/𝐸t+X 0.033 0.84 430 - 490 10.0 21.0± 4.1
237 1e+7jets+X 0.017 0.84 1030 - 1240 0.0 4.5± 0.9
238 1τ+3jets+X 0.022 0.84 180 - 280 57.0 31.5± 10.3
239 1µ+5jets+X 0.016 0.84 530 - 550 20.0 37.1± 5.7
240 1µ+3jets+/𝐸t+X 0.012 0.85 1710 - 1810 6.0 1.3± 0.8
241 1e+6jets+/𝐸t+X 0.022 0.85 960 - 1140 6.0 16.1± 3.4
242 1τ+1γ+X 0.08 0.86 360 - 380 1.0 0.03± 0.09
243 1µ+1τ+2jets+/𝐸t+X 0.036 0.86 890 - 920 3.0 0.5± 0.4
244 1µ+1τ+X 0.077 0.86 400 - 430 10.0 2.5± 3.8
245 1e+1µ+5jets+/𝐸t+X 0.044 0.86 760 - 820 5.0 1.8± 0.4
246 1µ+2γ+X 0.12 0.87 100 - 110 1.0 0.07± 0.1
247 1e+2µ+3jets+X 0.053 0.87 900 - 920 1.0 0.04± 0.05
248 1e+1µ+3jets+/𝐸t+X 0.028 0.87 1140 - 1170 4.0 1.1± 0.3
249 2e+1τ+3jets+/𝐸t+X 0.1 0.87 480 - 500 1.0 0.06± 0.1
250 1µ+1γ+/𝐸t+X 0.05 0.88 200 - 210 42.0 24.3± 8.8
251 2e+5jets+/𝐸t+X 0.046 0.88 550 - 570 2.0 0.3± 0.1
252 1e+1γ+1jet+/𝐸t+X 0.029 0.88 580 - 600 6.0 1.3± 1.3
253 1τ+3jets+/𝐸t+X 0.026 0.88 350 - 370 21.0 10.9± 3.1
254 1µ+2jets+/𝐸t+X 0.0032 0.9 1290 - 1330 10.0 37.4± 9.0
255 1e+1µ+2jets+X 0.026 0.9 410 - 430 82.0 123.0± 18.4
256 2e+7jets+X 0.04 0.9 1440 - 1470 1.0 3.0 · 10−7 ± 513527.0 · 10−7
257 1e+2jets+/𝐸t+X 0.013 0.91 1500 - 1540 1.0 14.1± 5.6
258 2e+1τ+2jets+/𝐸t+X 0.13 0.91 430 - 470 2.0 0.6± 0.3
259 2e+1τ+2jets+X 0.046 0.91 1200 - 1230 1.0 0.02± 0.05
260 2µ+3jets+X 0.023 0.92 250 - 290 2.0 10.5± 3.2
261 1τ+6jets+/𝐸t+X 0.07 0.92 1140 - 1220 2.0 0.09± 0.4
262 1µ+1τ+1jet+X 0.055 0.92 930 - 1030 3.0 0.5± 0.6
263 2e+1µ+1jet+X 0.037 0.94 1040 - 1060 1.0 0.04± 0.02
264 2µ+1τ+/𝐸t+X 0.095 0.94 80 - 90 1.0 0.08± 0.08
265 1e+6jets+X 0.02 0.94 1730 - 1770 6.0 1.7± 0.8
266 2µ+6jets+X 0.1 0.95 970 - 1000 1.0 0.1± 0.07
267 1e+3jets+/𝐸t+X 0.016 0.95 2110 - 2200 3.0 0.2± 0.4
268 1e+1µ+5jets+X 0.045 0.95 2810 - 2860 1.0 1.7 · 10−4 ± 577.8 · 10−4
269 1τ+1jet+X 0.024 0.96 490 - 550 58.0 108.6± 23.9
Continued on next page. . .
C.4 Event Classes with Tauons 295
. . . continued from previous page.
Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given
𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
270 1µ+2jets+X 0.0057 0.97 2190 - 2840 14.0 49.2± 12.9
271 1e+1µ+2jets+/𝐸t+X 0.053 0.97 920 - 1070 7.0 15.0± 3.1
272 1e+4jets+X 0.024 0.97 780 - 820 236.0 169.4± 30.2
273 2e+4jets+X 0.023 0.97 670 - 690 15.0 7.1± 2.0
274 1e+2τ+X 0.19 0.97 150 - 160 1.0 0.03± 0.3
275 1µ+1τ+/𝐸t+X 0.095 0.98 330 - 350 5.0 14.4± 6.2
276 1τ+5jets+X 0.065 0.98 760 - 910 7.0 3.1± 1.1
277 1e+1jet+/𝐸t+X 0.018 0.98 1420 - 1680 6.0 22.2± 6.8
278 4µ+X 0.15 0.99 300 - 310 1.0 0.2± 0.06
279 1τ+6jets+X 0.17 0.99 970 - 1570 1.0 4.4± 2.4
280 1e+1τ+1jet+X 0.049 1.0 1050 - 1240 1.0 12.7± 10.9
281 1µ+1jet+/𝐸t+X 0.0063 1.0 690 - 750 532.0 734.5± 77.4
282 1µ+3jets+X 0.08 1.0 1750 - 1910 68.0 96.6± 17.7
283 1e+5jets+X 0.05 1.0 1930 - 1970 8.0 3.0± 1.6
284 1e+1jet+X 0.024 1.0 760 - 780 1.2 · 103 598.1± 322.4
285 1e+3jets+X 0.039 1.0 330 - 350 416.0 317.1± 52.1
286 2e+2jets+X 0.014 1.0 1220 - 1250 13.0 28.8± 5.4
287 2e+X 0.023 1.0 530 - 550 6.0 14.9± 2.5
288 2e+1jet+X 0.027 1.0 1460 - 1630 2.0 9.2± 2.5
289 1e+1γ+X 0.053 1.0 440 - 470 1.0 8.7± 4.4
290 1τ+2jets+X 0.055 1.0 1100 - 1420 11.0 27.0± 8.7
291 1e+2jets+X 0.058 1.0 2380 - 2460 3.0 18.8± 12.2
292 1e+1τ+2jets+X 0.092 1.0 1210 - 4700 3.0 14.1± 10.9
293 1e+1γ+1jet+X 0.098 1.0 110 - 130 2.0 7.6± 3.2
294 1µ+1jet+X 0.1 1.0 1550 - 1800 12.0 24.1± 7.9
295 1e+1τ+X 0.22 1.0 1010 - 1070 2.0 0.005± 1.1
296 Appendix C Detailed Results
C.4.3 Missing Transverse Energy
C.4.3.1 Exclusive Event Classes
Table C.19: Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes
in 2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2τ+4jets+/𝐸t N/A N/A 450 - 510 1.0 0.0± 0.0
2 2e+1µ+1γ+1jet+/𝐸t 1.11 · 10−4 7.17 · 10−4 220 - 250 1.0 0.0± 1.4 · 10−4
3 2e+6jets+/𝐸t 1.12 · 10−4 0.0026 170 - 200 2.0 0.009± 0.01
4 1e+1µ+1γ+3jets+/𝐸t 6.12 · 10−4 0.0038 100 - 160 2.0 0.03± 0.02
5 1e+1µ+1γ+/𝐸t 0.0014 0.016 290 - 330 1.0 0.0± 0.002
6 1e+2jets+/𝐸t 9.76 · 10−6 0.022 490 - 570 9.0 0.3± 0.7
7 1µ+2γ+2jets+/𝐸t 0.006 0.022 180 - 210 1.0 0.0± 0.008
8 1τ+1γ+1jet+/𝐸t 0.0019 0.032 150 - 210 5.0 0.1± 0.6
9 2e+1τ+1jet+/𝐸t 0.0022 0.034 220 - 250 2.0 0.06± 0.03
10 4e+/𝐸t 0.026 0.04 50 - 80 1.0 0.02± 0.02
11 1e+1τ+6jets+/𝐸t 0.007 0.043 150 - 230 2.0 0.1± 0.06
12 2τ+/𝐸t 0.0056 0.049 170 - 200 2.0 0.08± 0.07
13 1e+1γ+5jets+/𝐸t 0.0036 0.052 220 - 250 1.0 0.0± 0.005
14 1µ+1τ+3jets+/𝐸t 0.0014 0.054 230 - 290 6.0 1.0± 0.4
15 1e+1µ+1γ+2jets+/𝐸t 0.0044 0.061 80 - 110 3.0 0.3± 0.1
16 1τ+1γ+2jets+/𝐸t 0.0061 0.064 390 - 450 1.0 0.0± 0.008
17 2e+2µ+/𝐸t 0.047 0.064 50 - 80 1.0 0.05± 0.02
18 1µ+1τ+7jets+/𝐸t 0.0064 0.065 90 - 120 1.0 4.1 · 10−6 ± 8015.7 · 10−6
19 1e+8jets+/𝐸t 0.007 0.067 220 - 250 1.0 4.0 · 10−4 ± 87.0 · 10−4
20 1τ+1γ+3jets+/𝐸t 0.034 0.081 140 - 170 1.0 0.03± 0.03
21 1e+/𝐸t 0.0015 0.1 150 - 180 863.0 611.1± 79.8
22 2e+7jets+/𝐸t 0.026 0.1 50 - 80 1.0 0.02± 0.02
23 2e+1µ+3jets+/𝐸t 0.013 0.1 310 - 370 1.0 0.01± 0.009
24 2µ+1γ+1jet+/𝐸t 0.011 0.11 220 - 250 1.0 0.007± 0.01
25 2e+1γ+/𝐸t 0.017 0.12 100 - 130 3.0 0.4± 0.3
26 1e+1µ+7jets+/𝐸t 0.027 0.12 90 - 120 1.0 0.02± 0.02
27 1µ+1τ+5jets+/𝐸t 0.011 0.14 170 - 200 2.0 0.1± 0.09
28 1e+1jet+/𝐸t 3.41 · 10−4 0.14 330 - 410 49.0 20.0± 5.8
29 1e+1µ+1τ+3jets+/𝐸t 0.048 0.17 70 - 130 2.0 0.3± 0.2
30 3e+3jets+/𝐸t 0.05 0.17 60 - 120 2.0 0.3± 0.1
31 1µ+1γ+4jets+/𝐸t 0.015 0.18 190 - 220 2.0 0.2± 0.1
32 3µ+1jet+/𝐸t 0.011 0.18 390 - 450 1.0 0.008± 0.009
33 1µ+1γ+6jets+/𝐸t 0.072 0.18 50 - 80 1.0 0.07± 0.04
34 1e+1τ+4jets+/𝐸t 0.013 0.18 60 - 130 10.0 3.5± 1.3
35 1τ+5jets+/𝐸t 0.015 0.19 370 - 430 1.0 1.8 · 10−5 ± 1839.0 · 10−5
36 2e+1γ+1jet+/𝐸t 0.026 0.23 90 - 120 3.0 0.5± 0.3
37 1e+1τ+1γ+1jet+/𝐸t 0.087 0.24 50 - 80 1.0 0.09± 0.05
38 1e+1γ+4jets+/𝐸t 0.029 0.26 60 - 140 6.0 1.8± 0.9
39 1µ+1γ+5jets+/𝐸t 0.048 0.27 260 - 290 1.0 0.02± 0.05
40 1e+1µ+4jets+/𝐸t 0.01 0.28 210 - 240 6.0 1.7± 0.4
41 1e+7jets+/𝐸t 0.017 0.29 50 - 80 0.0 4.8± 1.2
42 2µ+1γ+/𝐸t 0.069 0.31 80 - 120 3.0 0.8± 0.4
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in 2011, considering
τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
43 2τ+1jet+/𝐸t 0.046 0.32 180 - 220 2.0 0.2± 0.2
44 1e+1µ+1τ+1jet+/𝐸t 0.056 0.33 120 - 170 3.0 0.8± 0.3
45 1τ+2jets+/𝐸t 0.0038 0.33 300 - 530 9.0 39.7± 10.6
46 1µ+1γ+3jets+/𝐸t 0.018 0.35 50 - 80 35.0 16.9± 6.6
47 1e+1γ+/𝐸t 0.026 0.36 210 - 290 3.0 0.4± 0.4
48 1e+1γ+3jets+/𝐸t 0.028 0.37 200 - 230 2.0 0.2± 0.2
49 2µ+4jets+/𝐸t 0.015 0.4 160 - 1070 2.0 9.2± 1.9
50 2e+2jets+/𝐸t 0.021 0.41 370 - 430 2.0 0.1± 0.2
51 2e+/𝐸t 0.022 0.41 160 - 200 16.0 7.6± 2.2
52 1τ+4jets+/𝐸t 0.015 0.41 250 - 330 7.0 1.2± 1.4
53 1e+1µ+6jets+/𝐸t 0.069 0.41 200 - 230 1.0 0.07± 0.04
54 1µ+1τ+4jets+/𝐸t 0.028 0.42 160 - 190 4.0 1.0± 0.4
55 2τ+2jets+/𝐸t 0.12 0.44 200 - 230 1.0 0.05± 0.1
56 1e+1µ+5jets+/𝐸t 0.025 0.45 280 - 350 2.0 0.2± 0.09
57 1e+1τ+3jets+/𝐸t 0.026 0.48 70 - 100 13.0 5.8± 1.9
58 1e+3jets+/𝐸t 0.0053 0.5 330 - 390 14.0 4.3± 2.1
59 2τ+3jets+/𝐸t 0.17 0.5 150 - 180 1.0 0.2± 0.1
60 1µ+9jets+/𝐸t 0.19 0.51 110 - 140 1.0 0.2± 0.1
61 1µ+/𝐸t 0.019 0.52 260 - 310 35.0 56.9± 7.9
62 2µ+1τ+2jets+/𝐸t 0.11 0.53 150 - 180 1.0 0.1± 0.06
63 2µ+1τ+3jets+/𝐸t 0.3 0.53 50 - 80 1.0 0.3± 0.3
64 3µ+3jets+/𝐸t 0.22 0.54 60 - 90 1.0 0.3± 0.08
65 1e+1µ+1τ+2jets+/𝐸t 0.19 0.54 140 - 170 1.0 0.2± 0.1
66 1µ+2τ+1jet+/𝐸t 0.26 0.55 50 - 100 3.0 1.6± 0.9
67 1e+4jets+/𝐸t 0.013 0.56 300 - 350 9.0 3.1± 1.0
68 1e+1γ+2jets+/𝐸t 0.05 0.56 130 - 170 8.0 2.9± 1.8
69 2e+1µ+/𝐸t 0.065 0.57 70 - 100 2.0 6.7± 1.6
70 1µ+8jets+/𝐸t 0.077 0.58 100 - 140 3.0 0.9± 0.4
71 1µ+1τ+2jets+/𝐸t 0.03 0.59 210 - 270 10.0 3.9± 1.7
72 2µ+/𝐸t 0.041 0.6 290 - 410 3.0 0.5± 0.5
73 2µ+1τ+/𝐸t 0.1 0.62 60 - 110 2.0 6.9± 2.6
74 3e+/𝐸t 0.09 0.64 50 - 80 20.0 12.7± 3.3
75 1e+1µ+2jets+/𝐸t 0.037 0.65 220 - 260 3.0 9.0± 1.6
76 2e+1jet+/𝐸t 0.045 0.65 180 - 220 28.0 17.6± 3.6
77 1µ+1γ+2jets+/𝐸t 0.057 0.67 310 - 430 3.0 0.04± 0.8
78 1µ+1jet+/𝐸t 0.012 0.67 280 - 330 206.0 297.2± 37.2
79 2e+5jets+/𝐸t 0.068 0.68 90 - 140 0.0 2.9± 0.7
80 1τ+/𝐸t 0.058 0.69 280 - 310 4.0 0.8± 0.9
81 2µ+1jet+/𝐸t 0.048 0.7 250 - 350 8.0 3.7± 0.9
82 2e+1τ+/𝐸t 0.13 0.71 70 - 1110 1.0 4.2± 1.4
83 1e+2µ+/𝐸t 0.11 0.71 80 - 120 1.0 4.1± 1.0
84 1µ+3jets+/𝐸t 0.021 0.73 370 - 490 14.0 37.3± 10.2
85 1µ+6jets+/𝐸t 0.04 0.73 120 - 150 9.0 19.0± 3.9
86 1µ+4jets+/𝐸t 0.026 0.73 250 - 280 36.0 21.3± 5.1
87 1e+6jets+/𝐸t 0.051 0.76 170 - 220 0.0 3.3± 0.8
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in 2011, considering
τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
88 1e+5jets+/𝐸t 0.039 0.76 210 - 240 12.0 5.2± 2.3
89 1e+1µ+3jets+/𝐸t 0.054 0.76 140 - 170 14.0 24.0± 3.8
90 1µ+5jets+/𝐸t 0.033 0.77 390 - 730 1.0 9.7± 4.3
91 1e+1γ+1jet+/𝐸t 0.06 0.78 330 - 390 1.0 0.006± 0.08
92 2e+1τ+2jets+/𝐸t 0.28 0.78 50 - 1150 1.0 2.8± 1.1
93 1e+2µ+2jets+/𝐸t 0.17 0.78 50 - 1190 1.0 3.4± 0.8
94 2e+1µ+1jet+/𝐸t 0.11 0.78 90 - 1070 1.0 4.2± 1.0
95 1µ+1τ+/𝐸t 0.088 0.79 220 - 260 3.0 0.2± 1.0
96 2e+1µ+2jets+/𝐸t 0.17 0.81 70 - 160 0.0 1.9± 0.5
97 1µ+7jets+/𝐸t 0.083 0.84 80 - 210 7.0 14.9± 4.0
98 1τ+1jet+/𝐸t 0.036 0.85 190 - 240 57.0 99.0± 21.4
99 2µ+2jets+/𝐸t 0.068 0.85 200 - 240 6.0 12.6± 2.5
100 1τ+6jets+/𝐸t 0.24 0.85 140 - 750 1.0 3.4± 2.3
101 3e+1jet+/𝐸t 0.17 0.87 60 - 90 6.0 3.5± 1.1
102 1e+1µ+1τ+/𝐸t 0.29 0.87 110 - 140 1.0 0.3± 0.2
103 3e+2jets+/𝐸t 0.24 0.87 50 - 1070 1.0 3.0± 0.9
104 1µ+1τ+1jet+/𝐸t 0.082 0.87 210 - 350 10.0 4.8± 2.3
105 2µ+6jets+/𝐸t 0.2 0.87 60 - 450 0.0 1.8± 0.6
106 3µ+/𝐸t 0.15 0.87 100 - 130 0.0 2.0± 0.5
107 2e+4jets+/𝐸t 0.085 0.88 60 - 90 30.0 20.9± 3.9
108 2µ+1τ+1jet+/𝐸t 0.19 0.88 50 - 80 5.0 10.3± 4.4
109 1e+1τ+2jets+/𝐸t 0.08 0.89 180 - 350 1.0 6.4± 3.1
110 1e+1µ+1jet+/𝐸t 0.087 0.89 230 - 260 1.0 5.0± 1.7
111 1µ+2jets+/𝐸t 0.029 0.9 370 - 450 61.0 36.3± 10.7
112 1τ+3jets+/𝐸t 0.052 0.9 250 - 280 2.0 12.8± 6.7
113 1µ+1γ+/𝐸t 0.12 0.9 170 - 950 1.0 4.8± 2.1
114 1e+1τ+/𝐸t 0.1 0.9 170 - 210 1.0 6.3± 4.0
115 2e+3jets+/𝐸t 0.093 0.91 450 - 510 1.0 0.05± 0.1
116 3µ+2jets+/𝐸t 0.23 0.93 130 - 160 1.0 0.3± 0.08
117 2µ+5jets+/𝐸t 0.15 0.93 70 - 140 3.0 6.5± 1.4
118 1µ+1γ+1jet+/𝐸t 0.14 0.95 140 - 170 18.0 11.5± 4.4
119 1e+1µ+/𝐸t 0.14 0.95 220 - 250 3.0 0.9± 0.8
120 1e+1τ+1jet+/𝐸t 0.1 0.97 90 - 150 43.0 30.0± 8.1
121 2µ+3jets+/𝐸t 0.15 0.99 80 - 120 91.0 113.8± 18.8
122 1e+2µ+1jet+/𝐸t 0.26 0.99 90 - 150 1.0 2.8± 0.7
C.4 Event Classes with Tauons 299
C.4.3.2 Inclusive Event Classes
Table C.20: Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes
in 2011, considering τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2τ+4jets+/𝐸t+X 7.12 · 10−5 0.0011 450 - 510 1.0 0.0± 8.9 · 10−5
2 1e+1µ+1γ+2jets+/𝐸t+X 2.99 · 10−4 0.0043 80 - 160 5.0 0.5± 0.2
3 2e+1µ+1γ+1jet+/𝐸t+X 0.0014 0.0049 220 - 250 1.0 7.3 · 10−6 ± 1780.1 · 10−6
4 2e+1µ+1γ+/𝐸t+X 0.0017 0.0057 220 - 250 1.0 7.3 · 10−6 ± 2073.1 · 10−6
5 2e+6jets+/𝐸t+X 3.81 · 10−4 0.0065 170 - 200 2.0 0.01± 0.02
6 1e+1µ+1γ+3jets+/𝐸t+X 9.15 · 10−4 0.0079 100 - 160 2.0 0.04± 0.02
7 1e+2jets+/𝐸t+X 1.84 · 10−6 0.017 470 - 570 14.0 1.6± 0.9
8 1µ+2γ+2jets+/𝐸t+X 0.0066 0.032 180 - 210 1.0 0.0± 0.008
9 1e+1τ+6jets+/𝐸t+X 0.007 0.042 150 - 230 2.0 0.1± 0.06
10 2e+1τ+1jet+/𝐸t+X 0.0027 0.047 220 - 250 2.0 0.07± 0.03
11 1τ+1γ+1jet+/𝐸t+X 0.0019 0.048 150 - 210 6.0 0.7± 0.6
12 1µ+2γ+1jet+/𝐸t+X 0.01 0.055 200 - 230 1.0 0.006± 0.009
13 1e+1γ+5jets+/𝐸t+X 0.0037 0.062 220 - 250 1.0 1.5 · 10−5 ± 461.3 · 10−5
14 1e+1τ+5jets+/𝐸t+X 0.0071 0.066 220 - 250 1.0 5.3 · 10−5 ± 890.4 · 10−5
15 1µ+1τ+7jets+/𝐸t+X 0.0064 0.071 90 - 120 1.0 6.0 · 10−6 ± 8114.7 · 10−6
16 1µ+1τ+3jets+/𝐸t+X 0.0021 0.072 230 - 290 7.0 1.5± 0.5
17 2e+1τ+/𝐸t+X 0.0049 0.074 220 - 250 2.0 0.09± 0.04
18 4e+/𝐸t+X 0.04 0.077 50 - 80 1.0 0.04± 0.02
19 1e+1µ+1γ+/𝐸t+X 0.007 0.092 220 - 300 2.0 0.1± 0.06
20 2e+7jets+/𝐸t+X 0.026 0.11 50 - 80 1.0 0.02± 0.02
21 2e+1µ+3jets+/𝐸t+X 0.013 0.11 310 - 370 1.0 0.01± 0.009
22 1e+8jets+/𝐸t+X 0.013 0.12 220 - 250 1.0 0.006± 0.01
23 1τ+1γ+/𝐸t+X 0.0056 0.12 150 - 210 6.0 0.9± 0.8
24 1µ+1τ+4jets+/𝐸t+X 0.0049 0.12 160 - 190 6.0 1.3± 0.5
25 2e+1γ+/𝐸t+X 0.012 0.12 100 - 130 5.0 1.1± 0.5
26 1e+1γ+3jets+/𝐸t+X 0.0042 0.12 130 - 160 6.0 1.1± 0.6
27 1e+1µ+1γ+1jet+/𝐸t+X 0.011 0.13 80 - 230 6.0 1.5± 0.6
28 1e+1µ+7jets+/𝐸t+X 0.027 0.13 90 - 120 1.0 0.02± 0.02
29 1µ+1γ+4jets+/𝐸t+X 0.0086 0.13 190 - 270 3.0 0.3± 0.2
30 2τ+2jets+/𝐸t+X 0.0078 0.14 450 - 510 1.0 0.0± 0.01
31 1µ+2γ+/𝐸t+X 0.024 0.14 200 - 230 1.0 0.006± 0.03
32 2e+2µ+/𝐸t+X 0.09 0.15 50 - 80 1.0 0.09± 0.04
33 1e+1µ+4jets+/𝐸t+X 0.005 0.16 280 - 350 5.0 1.0± 0.3
34 2τ+3jets+/𝐸t+X 0.013 0.17 450 - 510 1.0 0.0± 0.02
35 2µ+1γ+1jet+/𝐸t+X 0.017 0.18 230 - 260 1.0 0.01± 0.02
36 1µ+1τ+/𝐸t+X 0.0033 0.18 210 - 270 26.0 11.3± 3.1
37 1µ+1τ+5jets+/𝐸t+X 0.017 0.19 170 - 200 2.0 0.2± 0.1
38 1e+1γ+2jets+/𝐸t+X 0.0069 0.19 130 - 180 15.0 4.8± 2.4
39 1e+1µ+1τ+1jet+/𝐸t+X 0.023 0.22 120 - 150 4.0 0.9± 0.4
40 1e+1γ+4jets+/𝐸t+X 0.022 0.23 110 - 140 3.0 0.5± 0.3
41 3e+3jets+/𝐸t+X 0.077 0.24 60 - 120 2.0 0.4± 0.1
42 1µ+1γ+6jets+/𝐸t+X 0.12 0.24 50 - 80 1.0 0.1± 0.06
43 1τ+7jets+/𝐸t+X 0.069 0.24 80 - 110 1.0 0.06± 0.05
44 1µ+1τ+2jets+/𝐸t+X 0.0062 0.25 220 - 270 13.0 4.5± 1.6
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Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in 2011, considering
τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
45 1e+1µ+3jets+/𝐸t+X 0.008 0.25 330 - 410 5.0 1.1± 0.3
46 1µ+1γ+5jets+/𝐸t+X 0.048 0.26 260 - 290 1.0 0.02± 0.05
47 2µ+4jets+/𝐸t+X 0.0082 0.26 200 - 470 0.0 5.7± 1.3
48 1e+1µ+1τ+3jets+/𝐸t+X 0.07 0.27 70 - 130 2.0 0.4± 0.2
49 2µ+1γ+/𝐸t+X 0.026 0.27 230 - 260 1.0 0.02± 0.02
50 1τ+1γ+3jets+/𝐸t+X 0.07 0.3 130 - 160 1.0 0.06± 0.05
51 1τ+1γ+2jets+/𝐸t+X 0.046 0.32 390 - 450 1.0 0.0± 0.06
52 1e+1γ+/𝐸t+X 0.015 0.32 280 - 350 3.0 0.4± 0.3
53 1e+1µ+1τ+2jets+/𝐸t+X 0.056 0.32 120 - 150 2.0 0.4± 0.2
54 1e+3jets+/𝐸t+X 0.002 0.32 450 - 530 7.0 1.2± 0.7
55 2e+1µ+/𝐸t+X 0.022 0.32 80 - 160 4.0 13.2± 3.1
56 3µ+1jet+/𝐸t+X 0.021 0.32 390 - 450 1.0 0.02± 0.01
57 1µ+1τ+1jet+/𝐸t+X 0.0088 0.32 210 - 270 23.0 10.8± 2.9
58 2τ+1jet+/𝐸t+X 0.031 0.33 290 - 470 2.0 0.1± 0.2
59 2e+1µ+2jets+/𝐸t+X 0.04 0.36 310 - 370 1.0 0.04± 0.02
60 1e+1µ+1τ+/𝐸t+X 0.038 0.36 120 - 150 4.0 1.1± 0.5
61 1e+1µ+2jets+/𝐸t+X 0.015 0.37 260 - 410 21.0 10.9± 2.3
62 1τ+4jets+/𝐸t+X 0.012 0.4 220 - 470 14.0 5.3± 2.1
63 3µ+/𝐸t+X 0.027 0.42 390 - 450 1.0 0.03± 0.01
64 1τ+5jets+/𝐸t+X 0.034 0.44 410 - 470 1.0 0.02± 0.03
65 1e+1µ+6jets+/𝐸t+X 0.072 0.44 200 - 230 1.0 0.07± 0.05
66 1e+1τ+4jets+/𝐸t+X 0.039 0.45 60 - 230 15.0 7.4± 2.5
67 1e+1µ+1jet+/𝐸t+X 0.019 0.46 260 - 290 16.0 7.9± 1.7
68 1µ+1τ+6jets+/𝐸t+X 0.14 0.46 90 - 120 1.0 0.1± 0.08
69 2e+1γ+1jet+/𝐸t+X 0.085 0.47 90 - 120 3.0 0.9± 0.4
70 1µ+8jets+/𝐸t+X 0.058 0.48 100 - 140 4.0 1.3± 0.6
71 1τ+2jets+/𝐸t+X 0.0072 0.48 300 - 410 16.0 48.4± 12.1
72 1µ+9jets+/𝐸t+X 0.2 0.49 110 - 140 1.0 0.2± 0.1
73 1e+1τ+/𝐸t+X 0.019 0.53 210 - 240 8.0 2.8± 0.9
74 2e+2jets+/𝐸t+X 0.029 0.53 370 - 510 3.0 0.6± 0.3
75 1e+1µ+5jets+/𝐸t+X 0.032 0.54 280 - 350 2.0 0.3± 0.1
76 1µ+1γ+3jets+/𝐸t+X 0.037 0.55 50 - 80 40.0 21.6± 8.3
77 1e+1τ+3jets+/𝐸t+X 0.03 0.55 70 - 100 18.0 8.9± 2.9
78 1e+1γ+1jet+/𝐸t+X 0.031 0.55 150 - 180 11.0 4.3± 2.1
79 1e+2µ+2jets+/𝐸t+X 0.077 0.57 50 - 1190 1.0 4.7± 1.1
80 2e+5jets+/𝐸t+X 0.045 0.57 90 - 140 0.0 3.5± 0.8
81 1e+5jets+/𝐸t+X 0.022 0.57 210 - 240 17.0 7.6± 2.8
82 1e+7jets+/𝐸t+X 0.049 0.59 80 - 170 12.0 6.3± 1.5
83 1µ+/𝐸t+X 0.011 0.59 450 - 790 54.0 99.7± 17.9
84 1e+2µ+/𝐸t+X 0.053 0.6 80 - 150 4.0 10.6± 2.5
85 3µ+3jets+/𝐸t+X 0.28 0.61 60 - 90 1.0 0.3± 0.1
86 1e+1µ+/𝐸t+X 0.033 0.61 260 - 410 28.0 16.7± 3.7
87 2e+1µ+1jet+/𝐸t+X 0.061 0.62 330 - 390 1.0 0.06± 0.03
88 1µ+1jet+/𝐸t+X 0.013 0.64 450 - 750 50.0 92.8± 17.3
89 1µ+5jets+/𝐸t+X 0.023 0.64 350 - 730 2.0 12.6± 4.6
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Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in 2011, considering
τ-leptons. The list is sorted by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been
calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
90 1µ+3jets+/𝐸t+X 0.016 0.65 410 - 490 12.0 35.1± 9.6
91 1e+4jets+/𝐸t+X 0.02 0.65 300 - 350 14.0 5.8± 2.2
92 2e+4jets+/𝐸t+X 0.039 0.65 90 - 120 6.0 14.2± 2.8
93 1e+1τ+1γ+1jet+/𝐸t+X 0.29 0.69 70 - 100 1.0 0.2± 0.4
94 3e+/𝐸t+X 0.076 0.69 60 - 90 22.0 13.6± 3.8
95 2µ+1τ+2jets+/𝐸t+X 0.16 0.71 160 - 190 1.0 0.2± 0.09
96 1τ+/𝐸t+X 0.021 0.71 300 - 470 40.0 77.3± 16.5
97 2µ+6jets+/𝐸t+X 0.15 0.72 60 - 450 0.0 2.1± 0.6
98 2τ+/𝐸t+X 0.08 0.72 410 - 470 1.0 2.0 · 10−8 ± 10718300.0 · 10−8
99 1τ+1jet+/𝐸t+X 0.021 0.74 300 - 470 39.0 75.5± 16.3
100 2e+1jet+/𝐸t+X 0.056 0.75 330 - 390 5.0 1.7± 0.8
101 1µ+1γ+/𝐸t+X 0.072 0.77 260 - 300 4.0 1.0± 1.0
102 2µ+2jets+/𝐸t+X 0.051 0.77 250 - 330 4.0 10.4± 2.3
103 1e+1jet+/𝐸t+X 0.027 0.79 270 - 300 129.0 188.3± 28.0
104 1e+1τ+1jet+/𝐸t+X 0.044 0.79 210 - 240 6.0 2.2± 0.8
105 1e+2µ+1jet+/𝐸t+X 0.094 0.8 90 - 1190 2.0 6.0± 1.4
106 2µ+5jets+/𝐸t+X 0.078 0.8 70 - 990 5.0 11.0± 2.4
107 1µ+1γ+2jets+/𝐸t+X 0.079 0.81 180 - 230 10.0 4.9± 2.1
108 2e+/𝐸t+X 0.07 0.82 50 - 80 9.4 · 103 7.9 · 103 ± 1.1 · 103
109 1µ+6jets+/𝐸t+X 0.059 0.84 120 - 150 13.0 23.8± 4.9
110 1τ+3jets+/𝐸t+X 0.039 0.85 220 - 250 21.0 10.8± 3.9
111 2µ+/𝐸t+X 0.074 0.87 330 - 410 6.0 2.7± 0.8
112 3e+1jet+/𝐸t+X 0.15 0.87 60 - 90 8.0 4.8± 1.4
113 2µ+1τ+/𝐸t+X 0.15 0.88 60 - 110 9.0 17.3± 6.5
114 2e+1τ+2jets+/𝐸t+X 0.28 0.9 50 - 1150 2.0 4.3± 1.8
115 1µ+1γ+1jet+/𝐸t+X 0.11 0.9 260 - 290 3.0 0.8± 0.8
116 1µ+2τ+/𝐸t+X 0.24 0.9 80 - 110 2.0 0.8± 0.6
117 1µ+7jets+/𝐸t+X 0.094 0.9 190 - 220 3.0 1.0± 0.4
118 2e+3jets+/𝐸t+X 0.095 0.92 450 - 510 1.0 0.05± 0.1
119 1e+1τ+2jets+/𝐸t+X 0.094 0.93 150 - 200 17.0 10.7± 2.7
120 2µ+3jets+/𝐸t+X 0.1 0.94 250 - 890 2.0 6.0± 1.6
121 2µ+1τ+1jet+/𝐸t+X 0.21 0.94 50 - 120 10.0 17.1± 6.9
122 1µ+4jets+/𝐸t+X 0.082 0.95 410 - 470 4.0 12.6± 5.1
123 1e+/𝐸t+X 0.071 0.95 270 - 300 175.0 227.2± 32.2
124 1µ+2jets+/𝐸t+X 0.063 0.97 430 - 670 43.0 69.8± 15.4
125 1e+6jets+/𝐸t+X 0.13 0.98 150 - 180 8.0 4.6± 1.3
126 2µ+1jet+/𝐸t+X 0.25 1.0 200 - 240 28.0 34.4± 5.9
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C.5 Photon Induced Event Classes
C.5.1 Sum of Transverse Momenta
C.5.1.1 Exclusive Event Classes
Table C.21: Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes
in 2011, including event classes resulting from photon triggered events. The list is sorted by
increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated in the
given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1γ+3jets+/𝐸t 1.24 · 10−8 1.00 · 10−6 370 - 530 91.0 21.3± 9.3
2 2γ+2jets 1.02 · 10−9 2.00 · 10−6 330 - 400 45.0 5.1± 4.0
3 1γ+4jets+/𝐸t 1.52 · 10−7 4.05 · 10−5 600 - 720 26.0 3.9± 2.0
4 2e+1γ+3jets 7.69 · 10−6 2.04 · 10−4 460 - 780 4.0 0.09± 0.05
5 1e+4jets 1.35 · 10−7 2.46 · 10−4 300 - 400 265.0 119.7± 23.7
6 1e+1γ+4jets 4.40 · 10−7 5.11 · 10−4 750 - 870 6.0 0.07± 0.2
7 1e+1µ+1γ+3jets+/𝐸t 3.27 · 10−5 5.23 · 10−4 630 - 710 2.0 9.0 · 10−4 ± 77.5 · 10−4
8 3γ+2jets 4.21 · 10−5 7.47 · 10−4 460 - 510 1.0 0.0± 5.3 · 10−5
9 1γ+4jets 1.14 · 10−5 0.0021 480 - 540 94.0 26.3± 13.2
10 2µ+1γ+3jets 8.49 · 10−5 0.0021 560 - 620 2.0 0.008± 0.009
11 2e+1µ+3jets 5.80 · 10−4 0.0085 530 - 710 3.0 0.1± 0.05
12 2γ+2jets+/𝐸t 8.34 · 10−5 0.0088 460 - 960 11.0 1.2± 1.1
13 2γ+3jets+/𝐸t 3.63 · 10−4 0.014 520 - 640 4.0 0.09± 0.2
14 1γ+5jets+/𝐸t 1.39 · 10−4 0.014 580 - 1000 11.0 1.8± 0.9
15 2e+1µ+1γ+1jet+/𝐸t 0.0023 0.018 810 - 870 1.0 4.3 · 10−4 ± 26.6 · 10−4
16 1e+2µ+1γ 0.0014 0.019 260 - 290 2.0 0.04± 0.03
17 1γ+6jets 1.47 · 10−4 0.021 710 - 880 6.0 0.5± 0.3
18 2γ+4jets 2.29 · 10−4 0.022 710 - 1210 5.0 0.2± 0.3
19 1e+1µ+6jets+/𝐸t 0.001 0.028 810 - 900 3.0 0.1± 0.09
20 3µ+3jets 0.0021 0.031 370 - 430 2.0 0.06± 0.02
21 1e+1γ+3jets+/𝐸t 5.58 · 10−4 0.032 600 - 660 9.0 1.6± 0.7
22 2e+2µ+/𝐸t 0.0069 0.037 190 - 220 1.0 0.004± 0.006
23 1µ+2γ+2jets 0.0053 0.039 230 - 260 1.0 3.1 · 10−5 ± 659.7 · 10−5
24 2e+1γ+2jets 5.21 · 10−4 0.044 310 - 340 3.0 0.09± 0.09
25 4e+/𝐸t 0.0083 0.047 230 - 260 1.0 0.005± 0.007
26 1e+2γ+3jets 0.0043 0.051 720 - 780 1.0 6.8 · 10−5 ± 537.2 · 10−5
27 3e+4jets 0.008 0.051 780 - 840 1.0 0.006± 0.006
28 2e+1γ+1jet+/𝐸t 0.0028 0.062 560 - 760 3.0 0.2± 0.1
29 1µ+2γ+2jets+/𝐸t 0.0097 0.066 530 - 590 1.0 0.006± 0.009
30 1γ+7jets 0.0032 0.067 1210 - 1600 2.0 0.04± 0.07
31 1e+9jets 0.0038 0.073 1000 - 1090 1.0 0.0± 0.005
32 1µ+1γ+6jets+/𝐸t 0.0081 0.079 750 - 840 1.0 0.006± 0.007
33 1µ+2γ+1jet+/𝐸t 0.0094 0.081 700 - 760 1.0 0.006± 0.009
34 2e+2γ 0.0073 0.083 290 - 320 1.0 0.004± 0.007
35 1µ+8jets+/𝐸t 0.0037 0.086 2210 - 2360 1.0 5.0 · 10−6 ± 4606.0 · 10−6
36 3e+3jets+/𝐸t 0.0092 0.089 510 - 630 2.0 0.1± 0.05
37 1µ+9jets+/𝐸t 0.0038 0.09 580 - 670 1.0 0.0± 0.005
38 2e+1γ+4jets 0.0086 0.1 460 - 520 1.0 0.004± 0.009
39 1γ+5jets 0.001 0.1 550 - 610 12.0 1.3± 2.0
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
40 2γ+3jets 6.35 · 10−4 0.11 550 - 650 5.0 0.1± 0.4
41 1e+1µ+1γ+2jets+/𝐸t 0.0082 0.11 390 - 450 2.0 0.1± 0.06
42 2γ 0.0021 0.12 750 - 780 3.0 0.2± 0.1
43 2e+1µ+3jets+/𝐸t 0.012 0.12 1130 - 1220 1.0 0.01± 0.008
44 3e+1γ 0.013 0.13 350 - 380 1.0 0.01± 0.01
45 2e 7.47 · 10−4 0.13 890 - 940 5.0 0.6± 0.2
46 2e+7jets+/𝐸t 0.024 0.13 870 - 960 1.0 0.005± 0.03
47 1e+1µ 0.0044 0.14 310 - 370 0.0 6.5± 1.5
48 1µ+1γ+4jets+/𝐸t 0.0045 0.14 2140 - 2290 1.0 0.0± 0.006
49 2γ+1jet+/𝐸t 0.0054 0.14 640 - 820 3.0 0.2± 0.2
50 1e+1µ+1γ+/𝐸t 0.012 0.14 400 - 660 2.0 0.1± 0.09
51 1e+7jets+/𝐸t 0.0043 0.16 1520 - 1800 4.0 0.5± 0.3
52 1µ+1γ+3jets 0.0027 0.16 480 - 640 15.0 4.3± 2.1
53 1µ+1jet+/𝐸t 0.0038 0.17 660 - 750 415.0 589.5± 61.6
54 2µ+5jets 0.0017 0.17 810 - 910 6.0 0.8± 0.5
55 1e+1γ+5jets 0.014 0.17 1220 - 1310 1.0 1.7 · 10−4 ± 181.9 · 10−4
56 1µ+1γ+4jets 0.0062 0.18 300 - 350 2.0 0.06± 0.09
57 2µ+1γ+1jet+/𝐸t 0.013 0.18 270 - 330 4.0 0.8± 0.3
58 1e+1µ+1γ 0.014 0.18 170 - 200 4.0 0.8± 0.4
59 3e+2jets 0.0067 0.18 310 - 360 4.0 0.5± 0.4
60 2e+2µ 0.0094 0.19 240 - 270 3.0 0.4± 0.1
61 3µ+1jet 0.0066 0.19 200 - 360 1.0 9.5± 2.4
62 2µ+1γ+/𝐸t 0.017 0.2 230 - 510 5.0 1.2± 0.5
63 1µ+1γ+2jets+/𝐸t 0.0058 0.2 830 - 950 7.0 0.9± 1.1
64 1µ+1γ+1jet 0.0059 0.21 560 - 620 5.0 0.5± 0.7
65 1γ+1jet+/𝐸t 0.0034 0.21 240 - 300 59.0 22.0± 11.5
66 2e+2µ+1jet 0.02 0.22 520 - 550 1.0 0.02± 0.01
67 2e+/𝐸t 0.0068 0.22 250 - 290 106.0 67.1± 12.3
68 3µ+2jets 0.014 0.23 250 - 280 2.0 0.2± 0.05
69 1µ+2jets+/𝐸t 6.29 · 10−4 0.24 1250 - 1500 36.0 98.7± 18.0
70 1e+1µ+7jets+/𝐸t 0.04 0.25 1020 - 1110 1.0 0.03± 0.03
71 1γ+2jets+/𝐸t 0.005 0.25 300 - 360 37.0 13.0± 7.4
72 3e+1jet+/𝐸t 0.014 0.27 460 - 540 4.0 0.8± 0.2
73 1µ+7jets 0.0048 0.29 770 - 1010 1.0 13.1± 4.0
74 2e+6jets 0.0074 0.3 850 - 910 3.0 0.05± 0.3
75 1µ+4jets 0.0036 0.3 1170 - 1260 8.0 1.7± 0.9
76 2e+1µ+/𝐸t 0.013 0.31 270 - 520 0.0 5.1± 1.2
77 2µ+/𝐸t 0.012 0.32 550 - 690 9.0 3.3± 0.8
78 1e+1γ+4jets+/𝐸t 0.02 0.32 830 - 1010 3.0 0.4± 0.3
79 1e+2γ 0.021 0.34 220 - 310 3.0 0.08± 0.5
80 2µ+1γ+2jets 0.009 0.36 460 - 520 2.0 0.04± 0.1
81 2e+1jet 0.0037 0.36 620 - 680 39.0 75.0± 11.2
82 1µ+6jets+/𝐸t 0.0079 0.36 1050 - 1140 3.0 15.3± 4.1
83 1e+1µ+3jets 0.0093 0.37 620 - 820 3.0 11.8± 2.2
84 1µ+4jets+/𝐸t 0.0054 0.39 1470 - 1590 12.0 2.7± 2.1
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
85 1γ+3jets 0.01 0.39 490 - 570 1.0 · 103 456.4± 240.7
86 1e+1γ+2jets 0.011 0.4 1020 - 1700 5.0 0.7± 0.8
87 2µ+1γ+1jet 0.014 0.41 390 - 430 5.0 0.9± 0.7
88 3e+/𝐸t 0.021 0.41 190 - 220 11.0 4.7± 1.2
89 1e+1µ+1γ+2jets 0.054 0.42 410 - 440 1.0 0.05± 0.04
90 2e+6jets+/𝐸t 0.062 0.42 560 - 630 1.0 0.06± 0.04
91 1e+6jets 0.0068 0.42 880 - 970 12.0 4.3± 1.3
92 1µ+/𝐸t 0.016 0.43 490 - 6580 85.0 127.4± 16.8
93 2e+1γ+2jets+/𝐸t 0.073 0.43 590 - 650 1.0 0.07± 0.04
94 1e+1µ+5jets 0.024 0.44 450 - 530 3.0 0.5± 0.2
95 2e+1µ 0.022 0.45 520 - 550 1.0 0.02± 0.01
96 3e 0.025 0.46 220 - 250 7.0 2.3± 1.0
97 1µ+1γ+3jets+/𝐸t 0.021 0.47 300 - 380 10.0 3.6± 1.6
98 1µ+5jets 0.0088 0.48 1080 - 1170 10.0 3.5± 1.0
99 1e+1µ+1γ+1jet 0.061 0.48 390 - 420 1.0 0.06± 0.04
100 2e+1µ+1jet+/𝐸t 0.03 0.49 400 - 3970 0.0 4.0± 1.0
101 2µ+4jets+/𝐸t 0.013 0.5 490 - 550 19.0 9.7± 1.7
102 4µ+1jet 0.11 0.51 290 - 320 1.0 0.1± 0.05
103 1e+/𝐸t 0.011 0.51 1510 - 1660 2.0 0.1± 0.08
104 1e+8jets+/𝐸t 0.097 0.52 810 - 930 1.0 0.09± 0.07
105 2µ+6jets 0.061 0.53 1000 - 1090 1.0 0.05± 0.05
106 2µ+1jet 0.018 0.53 890 - 1080 5.0 15.1± 3.3
107 1e+1γ+2jets+/𝐸t 0.02 0.53 900 - 1020 4.0 0.4± 0.7
108 1e+3jets+/𝐸t 0.0038 0.54 310 - 390 329.0 220.7± 36.4
109 2µ+1jet+/𝐸t 0.02 0.54 930 - 1020 5.0 0.7± 1.0
110 3µ+3jets+/𝐸t 0.1 0.55 570 - 630 1.0 0.1± 0.04
111 2e+1γ 0.024 0.56 300 - 350 6.0 1.6± 1.0
112 2e+5jets 0.0099 0.56 420 - 480 3.0 0.3± 0.2
113 1e+1jet+/𝐸t 0.0064 0.57 740 - 880 227.0 344.8± 44.4
114 2µ+2jets 0.013 0.57 800 - 920 34.0 60.4± 9.5
115 1γ+/𝐸t 0.014 0.57 530 - 590 10.0 3.2± 1.6
116 1e+1µ+4jets+/𝐸t 0.017 0.58 690 - 780 4.0 12.5± 2.4
117 2e+1µ+2jets+/𝐸t 0.062 0.58 530 - 590 2.0 0.4± 0.1
118 2e+2jets+/𝐸t 0.013 0.58 1110 - 1770 12.0 4.4± 1.7
119 1µ+5jets+/𝐸t 0.015 0.59 1090 - 1230 15.0 36.4± 8.3
120 2e+1γ+1jet 0.021 0.6 310 - 420 2.0 13.1± 4.7
121 2e+1jet+/𝐸t 0.021 0.6 500 - 560 39.0 23.6± 4.8
122 1γ+6jets+/𝐸t 0.042 0.61 1200 - 1400 2.0 0.09± 0.3
123 1e+1µ+1jet 0.028 0.62 500 - 620 0.0 4.0± 0.9
124 1e+2µ+2jets 0.068 0.62 400 - 440 2.0 0.4± 0.2
125 2e+3jets 0.012 0.64 850 - 970 16.0 36.0± 7.2
126 1µ+2γ 0.18 0.64 230 - 260 1.0 0.008± 0.3
127 1e+1γ+5jets+/𝐸t 0.12 0.65 1020 - 1110 1.0 2.2 · 10−4 ± 1616.0 · 10−4
128 1µ+1γ+/𝐸t 0.041 0.65 500 - 620 4.0 0.5± 1.0
129 2γ+/𝐸t 0.04 0.65 230 - 270 1.0 14.5± 11.0
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
130 4e 0.097 0.65 290 - 320 1.0 0.1± 0.04
131 3µ 0.044 0.65 80 - 110 12.0 6.1± 1.6
132 2µ 0.04 0.66 400 - 460 40.0 62.8± 10.5
133 3µ+1jet+/𝐸t 0.044 0.66 220 - 310 0.0 3.5± 0.9
134 1e+1γ+3jets 0.027 0.66 510 - 570 14.0 5.6± 2.7
135 1e+2jets+/𝐸t 0.012 0.67 240 - 300 863.0 590.6± 117.3
136 1µ+8jets 0.086 0.67 650 - 710 1.0 0.08± 0.05
137 1e+6jets+/𝐸t 0.025 0.67 960 - 1140 4.0 11.9± 2.4
138 1γ+1jet 0.034 0.68 200 - 230 619.0 310.3± 166.0
139 1µ+2jets 0.018 0.68 1440 - 1760 6.0 0.6± 1.4
140 1e+4jets+/𝐸t 0.019 0.69 1510 - 1830 10.0 3.2± 1.8
141 1e+2µ 0.047 0.69 190 - 220 1.0 6.8± 2.4
142 1e+1µ+4jets 0.028 0.69 730 - 1050 0.0 4.0± 0.9
143 2e+4jets+/𝐸t 0.026 0.7 1100 - 1250 6.0 1.9± 0.7
144 3µ+2jets+/𝐸t 0.084 0.7 470 - 530 2.0 0.5± 0.1
145 2e+3jets+/𝐸t 0.021 0.71 1040 - 1160 7.0 2.3± 0.8
146 2e+1γ+/𝐸t 0.1 0.72 450 - 510 1.0 0.04± 0.1
147 2e+5jets+/𝐸t 0.046 0.74 610 - 750 0.0 3.4± 0.8
148 1e+5jets+/𝐸t 0.022 0.74 1250 - 1570 19.0 9.2± 2.8
149 2γ+4jets+/𝐸t 0.094 0.74 890 - 980 1.0 0.0± 0.1
150 2µ+2jets+/𝐸t 0.031 0.75 1410 - 1530 3.0 0.08± 0.6
151 1e+2γ+1jet 0.085 0.76 210 - 240 1.0 0.002± 0.1
152 2µ+1γ 0.058 0.77 60 - 90 107.0 196.5± 55.4
153 3µ+/𝐸t 0.061 0.79 620 - 680 1.0 0.06± 0.02
154 2µ+5jets+/𝐸t 0.052 0.79 1250 - 2100 3.0 0.6± 0.5
155 1µ+1γ+5jets+/𝐸t 0.33 0.82 910 - 1000 1.0 0.09± 0.5
156 1e+2µ+2jets+/𝐸t 0.13 0.83 270 - 590 0.0 2.2± 0.6
157 1e+2µ+1jet 0.069 0.85 280 - 310 6.0 2.4± 1.1
158 2µ+3jets+/𝐸t 0.037 0.85 1000 - 4890 6.0 14.9± 3.4
159 2e+4jets 0.023 0.86 290 - 330 4.0 0.5± 0.7
160 2µ+4jets 0.029 0.86 700 - 780 9.0 20.0± 4.0
161 1µ+1γ+2jets 0.062 0.86 850 - 980 2.0 0.2± 0.3
162 1µ+3jets+/𝐸t 0.032 0.87 1610 - 1760 13.0 5.1± 2.7
163 1e+2µ+/𝐸t 0.08 0.87 240 - 270 5.0 2.2± 0.5
164 1e+1µ+2jets+/𝐸t 0.06 0.88 920 - 1100 2.0 6.7± 1.4
165 1e+1µ+3jets+/𝐸t 0.05 0.88 990 - 1140 1.0 5.3± 1.2
166 1µ+6jets 0.043 0.88 370 - 470 0.0 3.3± 0.6
167 1e+1µ+/𝐸t 0.069 0.88 180 - 210 272.0 213.3± 35.9
168 1e+1µ+1jet+/𝐸t 0.068 0.88 840 - 1320 0.0 2.8± 0.5
169 1e+2µ+1jet+/𝐸t 0.093 0.89 250 - 310 0.0 2.6± 0.6
170 2e+1µ+1jet 0.077 0.89 240 - 360 10.0 5.4± 1.3
171 1e+1γ+1jet+/𝐸t 0.053 0.9 260 - 320 37.0 20.3± 8.5
172 1µ+1γ 0.1 0.91 300 - 360 5.0 1.4± 1.6
173 1e+2µ+3jets 0.41 0.92 520 - 580 1.0 0.4± 0.5
174 4µ 0.16 0.92 110 - 140 1.0 0.2± 0.06
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Full list of the detailed scan of the exclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
175 2µ+6jets+/𝐸t 0.22 0.94 870 - 960 1.0 0.3± 0.1
176 1e+1µ+5jets+/𝐸t 0.091 0.94 640 - 730 0.0 2.5± 0.6
177 2γ+5jets 0.088 0.94 640 - 6730 1.0 7.8± 7.7
178 2γ+1jet 0.034 0.94 180 - 300 243.0 101.1± 74.3
179 2µ+3jets 0.054 0.95 950 - 1070 8.0 16.9± 3.8
180 1e+1µ+2jets 0.08 0.95 180 - 220 40.0 57.7± 10.0
181 1e+7jets 0.11 0.96 750 - 850 3.0 1.1± 0.5
182 3e+1jet 0.093 0.96 260 - 330 1.0 5.4± 2.2
183 2γ+6jets 0.58 0.96 1270 - 1360 1.0 0.8± 0.8
184 1µ+1γ+1jet+/𝐸t 0.12 0.96 580 - 810 2.0 7.3± 3.4
185 2e+1µ+2jets 0.22 0.97 190 - 430 0.0 1.6± 0.4
186 1µ+3jets 0.066 0.97 700 - 860 267.0 346.6± 49.6
187 1µ+7jets+/𝐸t 0.084 0.97 750 - 1370 15.0 26.0± 6.0
188 1µ+1jet 0.091 0.97 710 - 860 50.0 33.3± 10.4
189 1e+5jets 0.068 0.97 1060 - 1210 16.0 8.0± 3.8
190 1e+1γ+/𝐸t 0.12 0.98 390 - 450 1.0 5.3± 2.7
191 3e+2jets+/𝐸t 0.23 0.98 230 - 1940 1.0 3.1± 1.0
192 1e+3jets 0.051 0.98 1410 - 1560 1.0 9.5± 5.3
193 1µ 0.058 0.99 120 - 150 1.2 · 103 1.5 · 103 ± 0.2 · 103
194 1e+2jets 0.053 0.99 1400 - 1820 2.0 11.1± 5.1
195 1γ+2jets 0.15 0.99 580 - 640 1.2 · 103 777.4± 395.6
196 1µ+1γ+5jets 0.22 0.99 370 - 2560 1.0 3.6± 2.4
197 1e+1γ 0.079 0.99 230 - 260 40.0 165.7± 145.7
198 1γ 0.19 1.0 260 - 320 10.0 19.4± 10.1
199 2e+2jets 0.029 1.0 820 - 880 14.0 28.4± 5.8
200 1e 0.21 1.0 210 - 240 47.0 75.7± 36.9
201 1e+1γ+1jet 0.12 1.0 460 - 500 31.0 18.9± 8.6
202 1e+1jet 0.18 1.0 1200 - 1320 1.0 4.1± 2.6
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C.5.1.2 Inclusive Event Classes
Table C.22: Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes
in 2011, including event classes resulting from photon triggered events. The list is sorted by
increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated in the
given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 2γ+2jets+X 8.62 · 10−10 < 1/2000000 330 - 420 63.0 10.4± 5.7
2 1γ+3jets+/𝐸t+X 1.86 · 10−7 2.50 · 10−6 490 - 570 123.0 36.4± 13.7
3 2γ+2jets+/𝐸t+X 3.96 · 10−7 1.35 · 10−5 460 - 660 11.0 0.7± 0.6
4 3γ+2jets+X 2.30 · 10−4 5.25 · 10−5 460 - 510 1.0 0.0± 2.9 · 10−4
5 2γ+1jet+/𝐸t+X 3.32 · 10−6 6.85 · 10−5 640 - 720 6.0 0.2± 0.2
6 1γ+4jets+/𝐸t+X 1.61 · 10−6 1.14 · 10−4 520 - 930 105.0 32.5± 12.4
7 1γ+4jets+X 4.18 · 10−6 1.39 · 10−4 480 - 540 121.0 36.4± 15.9
8 1e+1µ+1γ+3jets+/𝐸t+X 3.61 · 10−5 2.51 · 10−4 630 - 710 2.0 0.001± 0.008
9 1e+1γ+4jets+X 1.93 · 10−6 6.51 · 10−4 730 - 870 9.0 0.7± 0.4
10 2γ+3jets+X 1.70 · 10−4 0.0016 470 - 670 17.0 2.4± 2.3
11 2γ+3jets+/𝐸t+X 4.23 · 10−4 0.0017 520 - 640 4.0 0.1± 0.2
12 2e+1µ+1γ+1jet+X 8.90 · 10−4 0.0024 580 - 610 1.0 0.0± 0.001
13 2e+1µ+1γ+/𝐸t+X 0.0013 0.0029 660 - 720 1.0 2.0 · 10−5 ± 158.8 · 10−5
14 2e+1µ+1γ+1jet+/𝐸t+X 0.0023 0.0036 810 - 870 1.0 4.3 · 10−4 ± 26.8 · 10−4
15 2e+1γ+3jets+X 2.13 · 10−4 0.0038 460 - 780 5.0 0.4± 0.2
16 1µ+2γ+2jets+X 4.35 · 10−4 0.0039 250 - 340 2.0 0.02± 0.02
17 1e+1µ+1γ+2jets+/𝐸t+X 4.04 · 10−4 0.0054 570 - 730 3.0 0.1± 0.06
18 2e+1µ+1γ+X 0.002 0.014 490 - 520 1.0 4.3 · 10−4 ± 23.5 · 10−4
19 1e+4jets+X 4.95 · 10−4 0.015 320 - 400 449.0 284.2± 45.5
20 3γ+1jet+X 0.011 0.015 430 - 460 1.0 2.1 · 10−4 ± 138.9 · 10−4
21 1e+1µ+1γ+/𝐸t+X 9.77 · 10−4 0.016 600 - 660 2.0 0.03± 0.03
22 1e+3jets+X 2.07 · 10−4 0.018 1950 - 2110 8.0 0.4± 0.8
23 2µ+1γ+/𝐸t+X 0.001 0.019 220 - 250 7.0 1.2± 0.5
24 1e+1γ+3jets+/𝐸t+X 8.64 · 10−4 0.022 600 - 660 11.0 2.5± 1.1
25 2e+1γ+2jets+X 3.78 · 10−4 0.022 710 - 770 3.0 0.07± 0.09
26 1γ+5jets+X 3.01 · 10−4 0.023 550 - 630 18.0 3.6± 2.4
27 1µ+2γ+1jet+/𝐸t+X 0.0052 0.031 460 - 760 2.0 0.08± 0.07
28 1γ+2jets+/𝐸t+X 0.0018 0.032 420 - 480 350.0 153.9± 64.7
29 1µ+2γ+/𝐸t+X 0.0055 0.039 320 - 380 2.0 0.08± 0.07
30 2e+1γ+1jet+/𝐸t+X 0.0023 0.039 560 - 780 4.0 0.4± 0.2
31 1e+1µ+1γ+X 0.0019 0.04 360 - 410 3.0 0.2± 0.1
32 1µ+1γ+6jets+/𝐸t+X 0.013 0.04 780 - 870 1.0 0.009± 0.01
33 1e+2µ+1γ+X 0.003 0.041 260 - 290 2.0 0.07± 0.04
34 2e+2µ+/𝐸t+X 0.01 0.042 190 - 220 1.0 0.008± 0.008
35 1γ+6jets+X 9.14 · 10−4 0.043 610 - 1060 12.0 2.7± 1.3
36 1µ+2γ+2jets+/𝐸t+X 0.0094 0.046 530 - 590 1.0 0.006± 0.008
37 1e+2γ+3jets+X 0.01 0.046 740 - 800 1.0 0.006± 0.01
38 1e+1µ+1γ+1jet+/𝐸t+X 0.0047 0.047 480 - 740 4.0 0.5± 0.3
39 1e+1µ+6jets+/𝐸t+X 0.0027 0.05 810 - 900 3.0 0.2± 0.1
40 2e+1jet+/𝐸t+X 9.67 · 10−4 0.054 1050 - 1140 9.0 1.7± 0.9
41 2γ+X 0.0032 0.054 670 - 700 5.0 0.6± 0.5
42 1µ+9jets+/𝐸t+X 0.0039 0.054 580 - 670 1.0 0.0± 0.005
43 2µ+1γ+2jets+X 9.43 · 10−4 0.055 460 - 540 4.0 0.3± 0.2
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
44 2e+1γ+4jets+X 0.013 0.056 460 - 520 1.0 0.01± 0.01
45 1γ+5jets+/𝐸t+X 0.002 0.058 670 - 1000 13.0 3.2± 1.7
46 2µ+1γ+3jets+X 0.014 0.058 560 - 620 2.0 0.02± 0.2
47 2γ+1jet+X 0.0052 0.065 800 - 900 9.0 1.3± 1.6
48 1e+1γ+4jets+/𝐸t+X 0.0053 0.068 830 - 1010 4.0 0.5± 0.3
49 1µ+9jets+X 0.0038 0.068 530 - 590 1.0 0.0± 0.005
50 2µ+X 0.0033 0.072 720 - 1750 2.0 11.2± 2.0
51 4e+/𝐸t+X 0.011 0.073 220 - 250 1.0 0.008± 0.009
52 1µ+8jets+/𝐸t+X 0.0039 0.076 2210 - 2360 1.0 3.8 · 10−4 ± 46.9 · 10−4
53 1γ+/𝐸t+X 0.0054 0.078 650 - 730 27.0 9.9± 4.8
54 1e+1µ+7jets+X 0.0086 0.079 940 - 1030 1.0 0.006± 0.007
55 1µ+4jets+X 0.0011 0.08 1720 - 1900 8.0 1.0± 0.9
56 2e+7jets+/𝐸t+X 0.024 0.084 870 - 960 1.0 0.005± 0.03
57 2e+1γ+1jet+X 0.0023 0.086 520 - 560 3.0 0.1± 0.2
58 1µ+1γ+3jets+X 0.0029 0.087 500 - 560 21.0 7.5± 2.9
59 3γ+X 0.063 0.094 290 - 320 1.0 0.002± 0.08
60 1µ+1γ+4jets+/𝐸t+X 0.0047 0.095 2140 - 2290 1.0 0.0± 0.006
61 1e+9jets+X 0.02 0.095 1000 - 1090 1.0 0.01± 0.02
62 2γ+4jets+/𝐸t+X 0.093 0.098 890 - 980 1.0 0.0± 0.1
63 1e+1γ+2jets+/𝐸t+X 0.0056 0.099 560 - 620 18.0 6.4± 2.7
64 2e+2γ+X 0.026 0.099 290 - 320 1.0 0.01± 0.03
65 2e+1µ+3jets+X 0.0088 0.1 630 - 870 3.0 0.4± 0.1
66 2e+1γ+X 0.0054 0.11 300 - 350 12.0 3.5± 1.7
67 2e+1µ+3jets+/𝐸t+X 0.012 0.12 1130 - 1220 1.0 0.01± 0.008
68 1e+1µ+1γ+3jets+X 0.014 0.12 590 - 650 1.0 0.01± 0.01
69 1µ+8jets+X 0.0036 0.12 2090 - 2210 1.0 3.6 · 10−4 ± 44.0 · 10−4
70 1µ+5jets+X 0.0024 0.12 1760 - 1960 7.0 0.8± 0.9
71 1e+1µ+1γ+1jet+X 0.0063 0.12 460 - 540 3.0 0.3± 0.2
72 1µ+X 0.014 0.12 370 - 480 167.0 248.1± 34.2
73 3e+3jets+/𝐸t+X 0.014 0.12 510 - 630 2.0 0.2± 0.05
74 1γ+3jets+X 0.0063 0.13 550 - 610 820.0 360.0± 181.4
75 2µ+1γ+X 0.0092 0.13 390 - 440 3.0 0.2± 0.3
76 2e+X 0.0022 0.13 890 - 960 6.0 1.2± 0.3
77 2γ+/𝐸t+X 0.022 0.14 160 - 230 28.0 10.6± 6.9
78 1µ+1γ+6jets+X 0.034 0.14 670 - 730 1.0 0.03± 0.03
79 1e+1µ+1γ+2jets+X 0.0094 0.14 420 - 640 4.0 0.7± 0.3
80 1µ+/𝐸t+X 0.0059 0.16 650 - 780 45.0 89.0± 15.5
81 1µ+2γ+1jet+X 0.021 0.16 200 - 260 2.0 0.2± 0.1
82 1µ+2jets+/𝐸t+X 0.003 0.16 1290 - 1500 63.0 127.7± 21.6
83 1e+2jets+X 0.0051 0.16 1860 - 2020 6.0 0.5± 1.0
84 2γ+5jets+X 0.087 0.17 420 - 1250 1.0 7.8± 7.7
85 1µ+2γ+X 0.029 0.17 240 - 270 2.0 0.07± 0.2
86 1e+1γ+3jets+X 0.0051 0.18 530 - 590 23.0 8.7± 3.6
87 1e+1µ+7jets+/𝐸t+X 0.043 0.18 1020 - 1110 1.0 0.04± 0.03
88 1µ+1γ+2jets+/𝐸t+X 0.013 0.19 1450 - 1570 2.0 0.03± 0.2
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
89 3µ+3jets+X 0.017 0.19 360 - 410 2.0 0.2± 0.07
90 1µ+1γ+5jets+X 0.045 0.2 650 - 710 3.0 0.4± 0.6
91 1e+1γ+5jets+/𝐸t+X 0.12 0.2 1020 - 1110 1.0 0.007± 0.2
92 1e+1γ+5jets+X 0.055 0.21 860 - 1280 2.0 0.3± 0.2
93 2e+/𝐸t+X 0.011 0.21 710 - 830 7.0 1.6± 1.0
94 3e+1γ+X 0.021 0.21 350 - 380 1.0 0.02± 0.02
95 1e+7jets+/𝐸t+X 0.0083 0.21 1520 - 1800 4.0 0.6± 0.3
96 3e+3jets+X 0.016 0.22 460 - 520 2.0 0.2± 0.06
97 1e+1γ+1jet+X 0.013 0.22 1020 - 1320 7.0 0.9± 1.5
98 2e+7jets+X 0.088 0.23 820 - 880 1.0 0.007± 0.1
99 2e+3jets+/𝐸t+X 0.004 0.24 1040 - 1130 12.0 4.0± 1.2
100 2µ+1jet+X 0.0089 0.24 680 - 770 73.0 118.9± 16.7
101 1e+2γ+2jets+X 0.082 0.25 650 - 710 1.0 0.006± 0.1
102 2e+6jets+/𝐸t+X 0.027 0.25 780 - 870 2.0 0.2± 0.1
103 1γ+6jets+/𝐸t+X 0.067 0.27 1200 - 1400 2.0 0.09± 0.4
104 3e+4jets+X 0.04 0.27 760 - 820 1.0 0.04± 0.02
105 2µ+1γ+1jet+/𝐸t+X 0.026 0.27 270 - 330 4.0 1.0± 0.4
106 1µ+6jets+/𝐸t+X 0.0097 0.27 1050 - 1140 5.0 18.8± 4.7
107 2µ+2jets+X 0.0054 0.27 800 - 920 64.0 112.7± 16.7
108 1µ+1γ+1jet+X 0.016 0.28 780 - 950 6.0 1.1± 1.1
109 2µ+5jets+X 0.0042 0.28 830 - 940 9.0 2.6± 0.8
110 3e+/𝐸t+X 0.012 0.28 190 - 230 18.0 8.3± 2.2
111 1µ+1jet+/𝐸t+X 0.012 0.29 1090 - 1210 55.0 97.2± 16.6
112 2γ+4jets+X 0.071 0.29 830 - 890 3.0 0.1± 0.9
113 1γ+7jets+X 0.12 0.31 1090 - 1240 2.0 0.2± 0.6
114 2e+6jets+X 0.014 0.31 850 - 910 3.0 0.3± 0.3
115 1µ+1γ+/𝐸t+X 0.029 0.31 580 - 680 5.0 1.1± 0.9
116 2e+2µ+1jet+X 0.029 0.31 520 - 550 1.0 0.03± 0.02
117 2e+5jets+X 0.0042 0.32 380 - 480 6.0 1.3± 0.4
118 1e+1γ+1jet+/𝐸t+X 0.027 0.33 580 - 680 22.0 9.6± 4.7
119 2e+1µ+/𝐸t+X 0.012 0.34 270 - 420 2.0 10.2± 2.4
120 1γ+X 0.028 0.34 770 - 810 8.0 2.6± 1.5
121 3µ+2jets+X 0.015 0.34 410 - 470 5.0 1.3± 0.3
122 1µ+7jets+X 0.01 0.34 2020 - 2140 1.0 3.6 · 10−4 ± 125.0 · 10−4
123 1µ+1γ+4jets+X 0.032 0.35 310 - 370 4.0 0.7± 0.7
124 1e+7jets+X 0.012 0.35 1510 - 1660 4.0 0.6± 0.4
125 1e+2jets+/𝐸t+X 0.0093 0.35 1860 - 2260 10.0 1.9± 2.1
126 1γ+1jet+/𝐸t+X 0.027 0.35 790 - 880 138.0 69.9± 33.4
127 1e+1γ+2jets+X 0.02 0.36 1160 - 1820 7.0 1.3± 1.5
128 2e+1γ+/𝐸t+X 0.028 0.36 630 - 690 1.0 0.02± 0.02
129 2e+2µ+X 0.02 0.36 240 - 270 3.0 0.5± 0.2
130 1µ+1γ+2jets+X 0.021 0.37 750 - 870 6.0 1.3± 1.1
131 2µ+4jets+X 0.0071 0.38 1540 - 1950 3.0 0.2± 0.3
132 1e+1µ+4jets+/𝐸t+X 0.011 0.39 590 - 660 6.0 16.6± 2.8
133 1e+1γ+/𝐸t+X 0.034 0.39 280 - 310 44.0 23.3± 9.4
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
134 3µ+2jets+/𝐸t+X 0.027 0.39 470 - 530 3.0 0.6± 0.2
135 1µ+2jets+X 0.014 0.41 1000 - 1340 250.0 362.9± 48.6
136 1e+5jets+/𝐸t+X 0.016 0.41 520 - 580 32.0 19.1± 3.2
137 1e+6jets+/𝐸t+X 0.019 0.42 960 - 1140 6.0 16.5± 3.5
138 2e+1γ+2jets+/𝐸t+X 0.09 0.44 590 - 650 1.0 0.09± 0.05
139 1µ+6jets+X 0.017 0.45 840 - 930 20.0 44.6± 10.1
140 2µ+3jets+X 0.013 0.47 1770 - 1920 2.0 0.03± 0.2
141 2e+3jets+X 0.0092 0.48 1090 - 1180 1.0 9.3± 2.5
142 2e+1jet+X 0.016 0.48 1320 - 1380 2.0 0.1± 0.1
143 2µ+1γ+1jet+X 0.025 0.48 140 - 170 9.0 26.8± 7.9
144 1µ+4jets+/𝐸t+X 0.016 0.49 1750 - 1900 6.0 1.6± 0.7
145 1µ+1γ+3jets+/𝐸t+X 0.036 0.5 300 - 380 10.0 4.1± 1.7
146 2γ+6jets+X 0.58 0.5 1270 - 1360 1.0 0.8± 0.8
147 1µ+7jets+/𝐸t+X 0.024 0.5 2140 - 2290 1.0 4.0 · 10−4 ± 298.5 · 10−4
148 1e+3jets+/𝐸t+X 0.023 0.51 2110 - 2700 5.0 0.5± 1.1
149 1µ+5jets+/𝐸t+X 0.023 0.52 1090 - 1230 26.0 53.3± 12.0
150 1e+1µ+2jets+X 0.021 0.53 610 - 670 20.0 37.9± 6.8
151 2e+1µ+2jets+X 0.03 0.53 190 - 430 0.0 4.0± 1.0
152 2e+2jets+/𝐸t+X 0.016 0.53 1440 - 1530 4.0 0.7± 0.5
153 1µ+1jet+X 0.044 0.53 650 - 740 499.0 637.4± 77.4
154 2e+5jets+/𝐸t+X 0.03 0.54 610 - 750 0.0 3.9± 0.9
155 1e+2γ+1jet+X 0.098 0.55 540 - 570 1.0 0.02± 0.1
156 2µ+2jets+/𝐸t+X 0.021 0.55 950 - 1130 10.0 22.8± 4.5
157 1e+8jets+/𝐸t+X 0.097 0.56 810 - 930 1.0 0.09± 0.07
158 4µ+1jet+X 0.13 0.56 290 - 320 1.0 0.1± 0.05
159 3µ+1jet+/𝐸t+X 0.03 0.57 220 - 310 0.0 4.0± 1.0
160 1µ+1γ+X 0.056 0.58 420 - 480 6.0 2.1± 1.2
161 3e+2jets+X 0.04 0.59 310 - 360 4.0 1.1± 0.5
162 1e+4jets+/𝐸t+X 0.032 0.6 2030 - 2570 4.0 0.3± 1.0
163 3µ+X 0.03 0.6 330 - 380 6.0 2.1± 0.6
164 1e+1µ+3jets+X 0.021 0.6 230 - 260 8.0 3.1± 0.6
165 1e+1µ+6jets+X 0.076 0.6 750 - 960 4.0 1.3± 0.8
166 3µ+3jets+/𝐸t+X 0.12 0.61 530 - 590 1.0 0.1± 0.04
167 1e+1µ+X 0.039 0.62 280 - 360 89.0 132.3± 21.9
168 2e+1µ+2jets+/𝐸t+X 0.064 0.63 1110 - 1200 1.0 0.07± 0.02
169 1e+5jets+X 0.036 0.64 1770 - 2410 6.0 0.9± 1.6
170 1e+X 0.063 0.65 700 - 790 1.0 9.3± 6.2
171 1e+1µ+1jet+X 0.039 0.65 680 - 860 6.0 14.6± 3.2
172 2µ+5jets+/𝐸t+X 0.041 0.65 2050 - 2200 1.0 0.0± 0.05
173 1e+1jet+/𝐸t+X 0.04 0.66 1450 - 1680 8.0 22.0± 6.8
174 2µ+4jets+/𝐸t+X 0.026 0.69 350 - 450 0.0 4.0± 0.8
175 1e+/𝐸t+X 0.034 0.71 770 - 850 23.0 12.7± 3.5
176 1e+2µ+2jets+/𝐸t+X 0.074 0.71 270 - 590 0.0 2.9± 0.7
177 1e+2µ+/𝐸t+X 0.042 0.71 350 - 2640 1.0 5.7± 1.4
178 3e+1jet+/𝐸t+X 0.055 0.72 300 - 380 0.0 3.5± 1.1
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Full list of the detailed scan of the inclusive
∑︀
𝑝T distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
179 3µ+1jet+X 0.03 0.72 500 - 4110 0.0 4.0± 1.0
180 1e+1µ+2jets+/𝐸t+X 0.042 0.72 920 - 1010 4.0 10.7± 2.2
181 2µ+3jets+/𝐸t+X 0.032 0.74 1180 - 1580 1.0 6.3± 1.7
182 2e+1µ+1jet+X 0.033 0.76 480 - 560 5.0 1.6± 0.5
183 1µ+1γ+5jets+/𝐸t+X 0.32 0.79 640 - 730 1.0 0.4± 0.2
184 1γ+2jets+X 0.084 0.79 580 - 640 1.9 · 103 1.1 · 103 ± 0.5 · 103
185 3e+2jets+/𝐸t+X 0.13 0.81 450 - 530 2.0 0.6± 0.3
186 2e+1µ+1jet+/𝐸t+X 0.06 0.81 460 - 640 0.0 3.1± 0.7
187 1e+2µ+1jet+/𝐸t+X 0.06 0.81 250 - 310 0.0 3.1± 0.8
188 1e+2γ+X 0.13 0.81 350 - 380 1.0 0.03± 0.2
189 1γ+1jet+X 0.1 0.81 1620 - 1740 6.0 2.4± 1.5
190 1e+2µ+1jet+X 0.051 0.83 520 - 3310 0.0 3.5± 1.0
191 1e+1µ+1jet+/𝐸t+X 0.068 0.84 1170 - 1360 3.0 0.8± 0.4
192 1µ+3jets+/𝐸t+X 0.057 0.85 1910 - 2490 1.0 7.8± 3.8
193 1e+1γ+X 0.1 0.85 480 - 520 1.0 5.7± 2.8
194 2e+2jets+X 0.055 0.86 1790 - 2120 2.0 0.1± 0.3
195 1e+1µ+5jets+/𝐸t+X 0.06 0.86 640 - 730 0.0 3.0± 0.6
196 4e+X 0.14 0.86 290 - 320 1.0 0.2± 0.06
197 1µ+1γ+1jet+/𝐸t+X 0.11 0.88 1320 - 1440 1.0 0.01± 0.1
198 1e+1µ+5jets+X 0.055 0.89 450 - 530 6.0 2.6± 0.5
199 1e+8jets+X 0.15 0.89 850 - 1060 3.0 1.3± 0.5
200 2e+1µ+X 0.063 0.89 600 - 630 1.0 0.06± 0.04
201 1e+1µ+4jets+X 0.047 0.9 730 - 870 8.0 16.7± 3.3
202 1e+2µ+3jets+X 0.29 0.9 300 - 3640 1.0 2.8± 1.2
203 2µ+/𝐸t+X 0.081 0.9 690 - 780 0.0 2.7± 0.5
204 4µ+X 0.14 0.9 140 - 200 1.0 4.0± 1.2
205 2e+4jets+X 0.045 0.9 910 - 1010 7.0 17.1± 4.5
206 2e+4jets+/𝐸t+X 0.061 0.91 1100 - 1250 6.0 2.5± 0.8
207 1e+6jets+X 0.064 0.91 570 - 630 6.0 12.6± 2.3
208 1µ+3jets+X 0.075 0.92 660 - 720 818.0 1.0 · 103 ± 0.1 · 103
209 1e+1jet+X 0.12 0.92 1170 - 1320 11.0 24.9± 10.5
210 1e+2µ+2jets+X 0.097 0.92 540 - 3540 0.0 2.7± 0.8
211 3µ+/𝐸t+X 0.088 0.93 560 - 640 2.0 0.5± 0.1
212 2µ+6jets+/𝐸t+X 0.25 0.94 870 - 960 1.0 0.3± 0.1
213 1e+1µ+3jets+/𝐸t+X 0.082 0.95 540 - 600 45.0 63.0± 10.1
214 2µ+6jets+X 0.21 0.95 940 - 1030 1.0 0.2± 0.1
215 2µ+1jet+/𝐸t+X 0.11 0.97 140 - 170 10.0 18.7± 5.3
216 3e+1jet+X 0.088 0.97 160 - 190 8.0 3.7± 1.8
217 1e+2µ+X 0.14 0.98 360 - 3240 1.0 4.2± 1.5
218 3e+X 0.15 0.99 360 - 390 3.0 1.2± 0.5
219 1e+1µ+/𝐸t+X 0.18 1.0 680 - 740 0.0 1.8± 0.4
220 2µ+1γ+2jets+/𝐸t+X 0.3 1.0 250 - 3630 0.0 1.3± 0.4
221 1e+2µ+3jets+/𝐸t+X 0.31 1.0 350 - 3820 0.0 1.2± 0.3
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C.5.2 Combined Mass
C.5.2.1 Exclusive Event Classes
Table C.23: Full list of the detailed scan of the exclusive combined mass distributions in all considered event
classes in 2011, including event classes resulting from photon triggered events. The list is sorted
by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated in
the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1γ+3jets+/𝐸t 6.13 · 10−9 3.50 · 10−6 370 - 530 93.0 21.3± 9.3
2 2e+1γ+3jets 7.38 · 10−8 6.00 · 10−6 840 - 980 3.0 0.001± 0.006
3 1γ+4jets+/𝐸t 1.58 · 10−8 1.25 · 10−5 600 - 720 26.0 3.5± 1.7
4 1γ+1jet+/𝐸t 9.81 · 10−8 4.30 · 10−5 140 - 260 28.0 3.1± 2.5
5 2e+1µ+3jets 2.97 · 10−6 2.06 · 10−4 910 - 1010 3.0 0.02± 0.01
6 2γ+2jets 7.34 · 10−8 4.08 · 10−4 400 - 480 31.0 3.8± 2.8
7 1e+1µ+1γ+3jets+/𝐸t 2.01 · 10−5 5.18 · 10−4 630 - 710 2.0 6.0 · 10−4 ± 61.2 · 10−4
8 3γ+2jets 1.96 · 10−5 9.07 · 10−4 550 - 570 1.0 0.0± 2.5 · 10−5
9 2µ+1γ+3jets 2.76 · 10−5 0.0013 960 - 1110 2.0 5.0 · 10−4 ± 72.6 · 10−4
10 1γ+4jets 9.80 · 10−8 0.0013 620 - 660 33.0 5.3± 2.9
11 1e+1γ+3jets+/𝐸t 5.39 · 10−5 0.007 620 - 660 9.0 1.1± 0.5
12 1γ+2jets+/𝐸t 2.56 · 10−5 0.0094 280 - 340 20.0 3.0± 2.3
13 1µ+1γ+3jets 2.43 · 10−5 0.011 540 - 580 11.0 1.3± 0.8
14 2γ+3jets+/𝐸t 1.58 · 10−4 0.015 520 - 640 4.0 0.06± 0.2
15 1γ+/𝐸t 1.47 · 10−4 0.015 170 - 250 48.0 14.2± 6.9
16 3e 1.59 · 10−4 0.016 470 - 490 4.0 0.2± 0.1
17 2γ+3jets 1.08 · 10−5 0.019 490 - 810 10.0 0.6± 0.7
18 2γ+2jets+/𝐸t 1.69 · 10−4 0.019 560 - 960 9.0 0.9± 0.9
19 2e+1µ+1γ+1jet+/𝐸t 0.002 0.02 810 - 830 1.0 4.3 · 10−4 ± 22.5 · 10−4
20 1γ+5jets+/𝐸t 1.32 · 10−4 0.021 580 - 1000 11.0 1.8± 0.9
21 2e+1γ+2jets 2.11 · 10−4 0.024 320 - 350 3.0 0.05± 0.07
22 2µ+1γ+2jets 6.41 · 10−5 0.031 520 - 540 3.0 0.007± 0.06
23 1e+2µ+1γ 0.0013 0.031 310 - 330 2.0 0.04± 0.03
24 2e+2µ+/𝐸t 0.0029 0.034 210 - 220 1.0 0.001± 0.003
25 3e+4jets 0.0013 0.034 1210 - 1240 1.0 2.1 · 10−4 ± 15.5 · 10−4
26 3µ+3jets 0.0012 0.039 410 - 430 1.0 2.1 · 10−4 ± 14.6 · 10−4
27 2e+1jet+/𝐸t 3.50 · 10−4 0.044 520 - 540 19.0 6.2± 1.5
28 1µ+2γ+2jets+/𝐸t 0.0019 0.051 530 - 550 1.0 0.0± 0.002
29 4e+/𝐸t 0.0052 0.052 240 - 250 1.0 0.003± 0.005
30 1e+1µ+6jets+/𝐸t 0.0014 0.052 810 - 870 3.0 0.2± 0.1
31 1e+1γ+4jets 3.98 · 10−4 0.057 810 - 910 5.0 0.3± 0.3
32 1e+2γ+3jets 0.0018 0.063 1040 - 1060 1.0 0.0± 0.002
33 2e+1γ+1jet+/𝐸t 0.0015 0.066 560 - 580 2.0 0.03± 0.04
34 1e+1µ+1γ 0.0019 0.071 210 - 230 4.0 0.4± 0.2
35 1γ+5jets 8.61 · 10−5 0.083 1120 - 1210 14.0 1.8± 1.6
36 1µ+2γ+2jets 0.0027 0.087 370 - 380 1.0 2.7 · 10−4 ± 32.6 · 10−4
37 1µ+1γ+6jets+/𝐸t 0.0071 0.092 780 - 810 1.0 0.005± 0.006
38 1µ+2γ+1jet+/𝐸t 0.0087 0.092 740 - 760 1.0 0.006± 0.008
39 1µ+9jets+/𝐸t 0.0018 0.098 640 - 670 1.0 0.0± 0.002
40 2e+2γ 0.005 0.1 340 - 350 1.0 0.002± 0.005
41 1µ+4jets+/𝐸t 3.36 · 10−4 0.11 1470 - 1550 10.0 1.8± 0.8
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
42 1γ+6jets 6.43 · 10−4 0.11 790 - 1330 6.0 0.7± 0.4
43 3µ 0.0023 0.12 440 - 470 3.0 0.2± 0.09
44 2e+1γ+4jets 0.0023 0.12 680 - 700 1.0 0.0± 0.003
45 1µ+1γ+4jets+/𝐸t 0.0021 0.12 2140 - 2190 1.0 0.0± 0.003
46 1µ+8jets+/𝐸t 0.002 0.13 2260 - 2310 1.0 0.0± 0.002
47 2µ+5jets 6.89 · 10−4 0.13 1270 - 1390 5.0 0.4± 0.4
48 1µ+1γ+2jets 0.001 0.14 650 - 670 5.0 0.4± 0.4
49 2e+1γ+1jet 0.001 0.14 240 - 250 8.0 0.9± 0.9
50 1e+9jets 0.012 0.14 1960 - 2000 1.0 0.0± 0.02
51 2γ+4jets 0.0013 0.15 1090 - 1270 3.0 0.09± 0.1
52 2e+1µ+3jets+/𝐸t 0.0084 0.15 1190 - 1220 1.0 0.007± 0.006
53 2e+1γ 9.54 · 10−4 0.15 240 - 260 10.0 1.9± 1.1
54 2γ+1jet+/𝐸t 0.0033 0.15 260 - 300 3.0 0.2± 0.2
55 3e+3jets+/𝐸t 0.012 0.15 510 - 650 2.0 0.2± 0.05
56 1e+1γ+5jets 0.0048 0.17 1430 - 1460 1.0 0.0± 0.006
57 1µ+1γ+4jets 0.0028 0.17 410 - 450 2.0 0.05± 0.05
58 3e+1jet 0.0022 0.18 210 - 220 3.0 0.2± 0.08
59 1µ+1γ+1jet 0.0028 0.19 580 - 600 4.0 0.1± 0.4
60 2e+5jets 2.51 · 10−4 0.19 740 - 800 8.0 0.9± 0.7
61 2µ+1γ+/𝐸t 0.008 0.19 490 - 510 1.0 0.002± 0.009
62 1e+6jets 7.24 · 10−4 0.2 1850 - 1890 4.0 0.2± 0.2
63 1e+1γ+4jets+/𝐸t 0.0052 0.2 590 - 610 2.0 0.07± 0.07
64 3e+1γ 0.011 0.2 400 - 410 1.0 0.007± 0.009
65 2e+/𝐸t 0.0032 0.2 150 - 160 421.0 292.4± 42.6
66 2µ+1γ+1jet+/𝐸t 0.0098 0.21 290 - 330 3.0 0.4± 0.2
67 1e+1µ+1γ+/𝐸t 0.011 0.21 400 - 660 2.0 0.1± 0.08
68 1e+1µ+2jets 0.0018 0.22 1220 - 1310 5.0 0.3± 0.5
69 2e+7jets+/𝐸t 0.036 0.23 870 - 900 1.0 0.03± 0.03
70 1e+7jets+/𝐸t 0.0047 0.23 1520 - 1800 4.0 0.6± 0.2
71 1µ+1γ+2jets+/𝐸t 0.003 0.23 830 - 950 7.0 0.9± 1.0
72 3µ+1jet 0.0051 0.23 200 - 330 0.0 6.8± 1.7
73 1e+5jets 4.32 · 10−4 0.24 1030 - 1090 28.0 11.1± 2.5
74 1e+8jets+/𝐸t 0.024 0.26 900 - 930 1.0 1.7 · 10−5 ± 3054.4 · 10−5
75 2µ+1γ 0.006 0.26 330 - 360 9.0 2.1± 1.3
76 2e+2µ+1jet 0.016 0.27 550 - 560 1.0 0.01± 0.01
77 1e+1µ+1γ+2jets+/𝐸t 0.016 0.28 710 - 730 1.0 0.01± 0.01
78 2e+2µ 0.009 0.28 160 - 180 2.0 0.1± 0.05
79 1e+1µ 0.0058 0.28 300 - 310 19.0 7.8± 2.4
80 1e+4jets 6.86 · 10−4 0.29 760 - 820 185.0 98.7± 23.5
81 2µ+1jet 0.0047 0.3 1280 - 1470 12.0 3.7± 1.5
82 1e+/𝐸t 0.0011 0.3 10 - 60 657.0 407.9± 77.6
83 3e+/𝐸t 0.011 0.31 180 - 200 10.0 3.7± 1.0
84 2µ+/𝐸t 0.0064 0.32 660 - 690 3.0 0.3± 0.2
85 1e+1µ+7jets+/𝐸t 0.037 0.32 1050 - 1080 1.0 0.03± 0.03
86 3e+2jets 0.0065 0.32 1150 - 1230 2.0 0.06± 0.09
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
87 2e+1µ+/𝐸t 0.0093 0.33 260 - 520 0.0 5.6± 1.3
88 2µ+1jet+/𝐸t 0.0056 0.34 600 - 620 12.0 3.9± 1.4
89 2e+1γ+2jets+/𝐸t 0.036 0.35 630 - 650 1.0 0.03± 0.03
90 3e+1jet+/𝐸t 0.013 0.36 460 - 500 3.0 0.4± 0.1
91 2µ+4jets+/𝐸t 0.005 0.37 490 - 510 9.0 2.9± 0.6
92 3µ+2jets 0.017 0.37 610 - 650 2.0 0.2± 0.06
93 2e+6jets 0.0056 0.37 1390 - 1630 3.0 0.05± 0.3
94 1e+4jets+/𝐸t 0.0027 0.37 400 - 420 14.0 5.2± 1.0
95 1e+1µ+1γ+2jets 0.02 0.38 460 - 480 1.0 0.008± 0.02
96 1µ+1γ 0.012 0.38 10 - 20 16.0 44.5± 11.4
97 4e 0.019 0.4 290 - 370 3.0 0.5± 0.2
98 1e+2µ+2jets 0.01 0.4 330 - 350 2.0 0.08± 0.1
99 2e+1γ+/𝐸t 0.024 0.42 140 - 160 2.0 0.2± 0.1
100 1µ+1γ+/𝐸t 0.012 0.43 270 - 280 6.0 1.4± 0.8
101 2µ 0.012 0.44 500 - 520 4.0 13.1± 2.4
102 1e+1γ+1jet 0.0014 0.45 700 - 720 1.0 413.9± 501.0
103 1µ+5jets+/𝐸t 0.0048 0.46 1060 - 1090 17.0 7.0± 1.7
104 1γ+7jets 0.0094 0.46 2690 - 2730 1.0 5.0 · 10−6 ± 11814.7 · 10−6
105 1µ+3jets+/𝐸t 0.0026 0.46 1610 - 1660 7.0 1.1± 0.8
106 2e+1µ 0.011 0.47 600 - 610 1.0 0.005± 0.01
107 1e+2jets+/𝐸t 0.0028 0.49 1230 - 1260 12.0 2.5± 1.9
108 3µ+3jets+/𝐸t 0.05 0.49 570 - 590 1.0 0.05± 0.02
109 1e+1γ+2jets 0.0057 0.5 940 - 960 6.0 0.6± 1.0
110 2e+6jets+/𝐸t 0.062 0.51 600 - 630 1.0 0.06± 0.04
111 1µ+6jets+/𝐸t 0.0069 0.52 1050 - 1110 1.0 11.5± 3.5
112 1e+5jets+/𝐸t 0.0053 0.52 560 - 580 15.0 6.4± 1.1
113 2µ+2jets+/𝐸t 0.0086 0.53 410 - 430 104.0 68.8± 11.0
114 2µ+6jets 0.019 0.53 1680 - 1720 1.0 0.006± 0.02
115 1µ+1γ+3jets+/𝐸t 0.016 0.54 320 - 380 10.0 3.4± 1.5
116 4µ+1jet 0.032 0.54 390 - 400 1.0 0.03± 0.02
117 3µ+/𝐸t 0.02 0.55 620 - 640 1.0 0.02± 0.01
118 1µ+8jets 0.041 0.56 1130 - 1220 2.0 0.3± 0.1
119 1e+1µ+4jets 0.0084 0.56 1950 - 1990 1.0 0.0± 0.01
120 1e+1γ+2jets+/𝐸t 0.013 0.58 900 - 1020 4.0 0.4± 0.6
121 1γ+3jets 0.0031 0.59 590 - 630 345.0 134.8± 74.3
122 2e+4jets+/𝐸t 0.012 0.59 1220 - 1250 2.0 0.1± 0.08
123 1e+1µ+4jets+/𝐸t 0.013 0.62 690 - 750 2.0 9.2± 1.7
124 1e+3jets 0.0012 0.63 310 - 350 334.0 198.5± 41.0
125 2e+2jets+/𝐸t 0.01 0.65 540 - 560 32.0 17.8± 3.3
126 2e+1µ+1jet+/𝐸t 0.031 0.65 400 - 3850 0.0 3.9± 0.9
127 2µ+6jets+/𝐸t 0.071 0.66 870 - 900 1.0 0.07± 0.05
128 2e+1µ+1jet 0.019 0.66 370 - 400 4.0 0.9± 0.3
129 1µ+/𝐸t 0.015 0.66 490 - 6580 84.0 126.5± 16.7
130 1γ+6jets+/𝐸t 0.036 0.67 1200 - 1400 2.0 0.09± 0.3
131 1µ+2jets 0.0067 0.67 760 - 790 399.0 567.2± 64.6
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
132 2µ+1γ+1jet 0.021 0.68 360 - 410 1.0 10.3± 4.0
133 1e+1γ+3jets 0.015 0.7 890 - 910 2.0 0.1± 0.1
134 3µ+1jet+/𝐸t 0.038 0.7 220 - 310 0.0 3.7± 1.0
135 1e+1jet+/𝐸t 0.0048 0.7 240 - 260 3.4 · 103 2.3 · 103 ± 0.4 · 103
136 1e+2γ 0.05 0.71 280 - 350 2.0 0.07± 0.4
137 1µ+7jets 0.011 0.72 1460 - 1520 4.0 0.5± 0.5
138 1µ+5jets 0.0079 0.73 1800 - 1920 10.0 2.7± 1.5
139 1e+1µ+3jets 0.014 0.75 760 - 820 2.0 9.1± 1.8
140 2e+1µ+2jets+/𝐸t 0.059 0.75 530 - 590 2.0 0.4± 0.1
141 2e+3jets+/𝐸t 0.014 0.75 560 - 580 20.0 10.4± 1.9
142 1µ+2γ 0.088 0.75 270 - 280 1.0 0.001± 0.1
143 1µ+6jets 0.0095 0.76 900 - 960 2.0 10.3± 2.2
144 1e+2µ+1jet 0.032 0.77 480 - 520 3.0 0.7± 0.2
145 1e+3jets+/𝐸t 0.0058 0.79 350 - 430 757.0 562.6± 72.0
146 1e+1µ+1γ+1jet 0.088 0.8 450 - 460 1.0 0.08± 0.06
147 1e+1γ+5jets+/𝐸t 0.054 0.8 1080 - 1110 1.0 2.0 · 10−4 ± 704.2 · 10−4
148 1e+6jets+/𝐸t 0.021 0.8 960 - 1110 3.0 10.3± 2.0
149 1µ+2jets+/𝐸t 6.83 · 10−4 0.81 1250 - 1500 37.0 99.1± 17.9
150 1e+1µ+1jet 0.023 0.81 480 - 500 14.0 6.8± 1.5
151 1e+2µ+3jets 0.045 0.81 900 - 920 1.0 0.02± 0.05
152 3µ+2jets+/𝐸t 0.087 0.82 470 - 530 2.0 0.5± 0.1
153 1e+2γ+1jet 0.043 0.83 250 - 260 1.0 8.6 · 10−4 ± 554.8 · 10−4
154 1e+1µ+/𝐸t 0.031 0.83 660 - 680 2.0 0.3± 0.1
155 2γ+/𝐸t 0.043 0.84 150 - 190 15.0 5.4± 4.1
156 1µ+1γ+5jets+/𝐸t 0.31 0.85 940 - 970 1.0 0.01± 0.5
157 2γ+4jets+/𝐸t 0.048 0.85 920 - 950 1.0 0.0± 0.06
158 1e+1γ 0.0051 0.86 560 - 570 1.0 116.1± 130.5
159 1e+7jets 0.031 0.87 1630 - 1690 2.0 0.2± 0.2
160 1e+2µ+1jet+/𝐸t 0.066 0.88 230 - 310 0.0 3.0± 0.7
161 1e+2µ+/𝐸t 0.06 0.89 240 - 260 4.0 1.4± 0.3
162 2µ+2jets 0.03 0.89 830 - 920 177.0 247.8± 34.5
163 2e+5jets+/𝐸t 0.064 0.9 630 - 750 0.0 3.0± 0.7
164 1e+1γ+1jet+/𝐸t 0.031 0.9 280 - 320 28.0 13.6± 5.9
165 1e+2µ+2jets+/𝐸t 0.11 0.91 590 - 610 1.0 0.1± 0.04
166 2e+1jet 0.016 0.91 620 - 640 116.0 81.0± 12.6
167 1e+2µ 0.053 0.92 170 - 200 27.0 15.2± 5.3
168 2γ+1jet 0.017 0.92 520 - 540 5.0 108.2± 111.3
169 1e+1γ+/𝐸t 0.046 0.93 570 - 590 2.0 0.07± 0.3
170 2µ+4jets 0.019 0.93 1580 - 1620 4.0 0.09± 0.8
171 2µ+5jets+/𝐸t 0.051 0.93 2050 - 2100 1.0 0.0± 0.07
172 2γ 0.022 0.93 1150 - 1160 1.0 0.007± 0.02
173 1e+2jets 0.014 0.93 980 - 1010 462.0 219.6± 108.1
174 1γ+2jets 0.022 0.93 280 - 300 110.0 49.0± 28.1
175 1e+1µ+5jets 0.058 0.95 770 - 890 3.0 0.8± 0.3
176 3e+2jets+/𝐸t 0.11 0.95 530 - 550 1.0 0.1± 0.07
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Full list of the detailed scan of the exclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
177 1e+1µ+1jet+/𝐸t 0.051 0.96 1320 - 1360 1.0 0.0± 0.07
178 2e+3jets 0.021 0.96 1630 - 1720 7.0 2.0± 1.1
179 2e+1µ+2jets 0.12 0.96 540 - 560 1.0 0.1± 0.05
180 1µ+3jets 0.028 0.96 1190 - 1230 63.0 37.7± 10.8
181 1µ+1γ+1jet+/𝐸t 0.065 0.96 180 - 190 9.0 3.6± 2.2
182 1e+1µ+5jets+/𝐸t 0.083 0.97 640 - 730 0.0 2.6± 0.6
183 2γ+6jets 0.053 0.97 1970 - 2010 1.0 0.0± 0.07
184 1e+1µ+3jets+/𝐸t 0.049 0.97 990 - 1140 1.0 5.3± 1.2
185 2µ+3jets 0.039 0.98 1720 - 2150 4.0 11.9± 3.0
186 1e+1µ+2jets+/𝐸t 0.059 0.98 920 - 1100 2.0 6.7± 1.5
187 2µ+3jets+/𝐸t 0.044 0.99 1090 - 2350 3.0 9.7± 2.5
188 1µ+4jets 0.044 0.99 640 - 660 156.0 115.1± 20.6
189 1µ+1jet+/𝐸t 0.0043 0.99 660 - 720 305.0 442.0± 48.6
190 1µ+7jets+/𝐸t 0.069 0.99 1140 - 1410 1.0 5.0± 1.3
191 1e+1jet 0.0037 1.0 760 - 780 690.0 204.1± 176.4
192 1γ+1jet 0.053 1.0 3090 - 3130 1.0 0.003± 0.07
193 4µ 0.19 1.0 270 - 280 1.0 0.2± 0.07
194 2γ+5jets 0.088 1.0 860 - 7000 1.0 7.8± 7.7
195 2e+2jets 0.0032 1.0 1880 - 1970 1.0 181.5± 268.0
196 2e+4jets 0.066 1.0 1720 - 1750 2.0 0.0± 0.5
197 2e 0.0017 1.0 920 - 1330 13.0 4.2± 1.0
198 1µ+1jet 0.054 1.0 1070 - 1130 10.0 3.9± 2.4
199 1µ+1γ+5jets 0.17 1.0 1140 - 1170 1.0 0.0± 0.2
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C.5.2.2 Inclusive Event Classes
Table C.24: Full list of the detailed scan of the inclusive combined mass distributions in all considered event
classes in 2011, including event classes resulting from photon triggered events. The list is sorted
by increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated in
the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1γ+3jets+/𝐸t+X 1.33 · 10−7 3.75 · 10−5 490 - 530 63.0 15.4± 6.3
2 2γ+2jets+/𝐸t+X 6.08 · 10−7 1.20 · 10−4 460 - 640 10.0 0.6± 0.5
3 2γ+2jets+X 1.61 · 10−8 1.45 · 10−4 400 - 480 36.0 5.1± 3.1
4 1γ+4jets+X 1.88 · 10−8 2.93 · 10−4 640 - 740 116.0 28.4± 12.6
5 1γ+4jets+/𝐸t+X 1.29 · 10−6 4.70 · 10−4 600 - 930 87.0 25.4± 10.0
6 1e+1µ+1γ+3jets+/𝐸t+X 2.52 · 10−5 5.71 · 10−4 630 - 710 2.0 0.001± 0.007
7 2e+1γ+3jets+X 2.68 · 10−5 0.0019 840 - 1020 3.0 0.04± 0.03
8 2e+1µ+1γ+/𝐸t+X 6.24 · 10−4 0.0059 700 - 720 1.0 0.0± 7.8 · 10−4
9 3γ+2jets+X 1.17 · 10−4 0.0062 550 - 570 1.0 0.0± 1.5 · 10−4
10 1µ+2γ+1jet+X 2.72 · 10−4 0.0085 300 - 310 2.0 0.01± 0.02
11 1e+1µ+1γ+2jets+/𝐸t+X 3.43 · 10−4 0.015 590 - 730 3.0 0.1± 0.06
12 1γ+2jets+/𝐸t+X 7.99 · 10−5 0.018 460 - 480 121.0 43.3± 17.7
13 2e+1µ+1γ+1jet+/𝐸t+X 0.002 0.02 810 - 830 1.0 4.3 · 10−4 ± 22.6 · 10−4
14 2γ+3jets+/𝐸t+X 2.38 · 10−4 0.021 520 - 640 4.0 0.1± 0.2
15 2e+1µ+3jets+X 4.89 · 10−4 0.022 910 - 1010 3.0 0.1± 0.05
16 2e+1µ+1γ+1jet+X 0.0016 0.026 590 - 600 1.0 3.7 · 10−4 ± 17.9 · 10−4
17 1e+1γ+3jets+/𝐸t+X 2.93 · 10−4 0.027 620 - 660 10.0 1.8± 0.8
18 1e+1µ+1γ+/𝐸t+X 6.56 · 10−4 0.03 600 - 660 2.0 0.02± 0.03
19 2µ+1γ+/𝐸t+X 8.16 · 10−4 0.037 220 - 260 7.0 1.2± 0.4
20 2e+2µ+/𝐸t+X 0.0043 0.043 210 - 220 1.0 0.002± 0.004
21 2e+1γ+X 2.65 · 10−4 0.043 240 - 250 10.0 1.6± 0.9
22 3e+4jets+X 0.0013 0.046 1210 - 1240 1.0 2.2 · 10−4 ± 15.5 · 10−4
23 1e+2µ+1γ+X 0.0019 0.049 310 - 330 2.0 0.05± 0.03
24 2e+1µ+1γ+X 0.0037 0.05 410 - 420 1.0 0.001± 0.004
25 2e+1γ+1jet+/𝐸t+X 0.0013 0.052 560 - 780 4.0 0.4± 0.2
26 4e+/𝐸t+X 0.0056 0.052 240 - 250 1.0 0.003± 0.005
27 1µ+2γ+2jets+/𝐸t+X 0.0017 0.056 530 - 550 1.0 0.0± 0.002
28 2µ+1γ+2jets+X 2.06 · 10−4 0.058 520 - 540 3.0 0.06± 0.07
29 1e+1γ+5jets+X 4.60 · 10−4 0.059 1430 - 1460 2.0 5.9 · 10−6 ± 30836.5 · 10−6
30 1e+1γ+4jets+X 2.98 · 10−4 0.059 1030 - 1120 4.0 0.2± 0.2
31 3e+1jet+X 4.00 · 10−4 0.062 160 - 220 10.0 1.9± 0.8
32 1µ+2γ+2jets+X 0.002 0.075 410 - 420 1.0 0.0± 0.002
33 1γ+/𝐸t+X 9.00 · 10−4 0.078 550 - 590 16.0 3.9± 2.1
34 2γ+1jet+/𝐸t+X 0.0012 0.079 640 - 720 4.0 0.3± 0.2
35 2e+1γ+4jets+X 0.0017 0.079 680 - 700 1.0 0.0± 0.002
36 1µ+2γ+1jet+/𝐸t+X 0.0043 0.082 440 - 760 2.0 0.07± 0.06
37 1e+1γ+3jets+X 3.60 · 10−4 0.089 890 - 910 5.0 0.4± 0.2
38 3µ+3jets+X 0.0019 0.095 550 - 590 2.0 0.06± 0.03
39 2µ+1γ+3jets+X 0.0018 0.096 960 - 1110 2.0 0.05± 0.03
40 1µ+9jets+/𝐸t+X 0.0018 0.1 640 - 670 1.0 0.0± 0.002
41 1e+1µ+6jets+/𝐸t+X 0.0026 0.1 810 - 900 3.0 0.2± 0.1
42 1µ+1γ+6jets+/𝐸t+X 0.0071 0.1 780 - 810 1.0 0.005± 0.006
43 2γ+3jets+X 1.15 · 10−4 0.11 490 - 1090 26.0 5.3± 3.6
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
44 2e+1γ+2jets+X 0.0011 0.11 320 - 350 3.0 0.1± 0.1
45 1e+1γ+2jets+/𝐸t+X 0.001 0.12 560 - 600 14.0 3.6± 1.6
46 1µ+1γ+4jets+/𝐸t+X 0.0022 0.12 2140 - 2190 1.0 0.0± 0.003
47 1µ+9jets+X 0.0015 0.13 790 - 810 1.0 0.0± 0.002
48 1µ+4jets+X 5.53 · 10−4 0.13 2380 - 2440 6.0 0.7± 0.4
49 1e+1µ+1γ+3jets+X 0.0066 0.14 830 - 850 1.0 0.0± 0.008
50 1µ+8jets+/𝐸t+X 0.0022 0.14 2260 - 2310 1.0 3.7 · 10−4 ± 26.5 · 10−4
51 1e+2γ+3jets+X 0.0085 0.15 1040 - 1080 1.0 0.005± 0.008
52 1e+1γ+4jets+/𝐸t+X 0.003 0.15 980 - 1010 2.0 0.04± 0.06
53 1γ+5jets+/𝐸t+X 0.0016 0.16 670 - 1000 13.0 3.1± 1.7
54 2e+1µ+/𝐸t+X 0.0031 0.16 270 - 400 0.0 7.3± 1.7
55 2e+1µ+3jets+/𝐸t+X 0.0086 0.16 1190 - 1220 1.0 0.007± 0.006
56 3e+X 0.0011 0.16 460 - 490 5.0 0.7± 0.2
57 2e+6jets+/𝐸t+X 0.0058 0.17 840 - 870 2.0 0.1± 0.05
58 1µ+2γ+/𝐸t+X 0.0077 0.18 40 - 50 1.0 0.0± 0.01
59 1µ+8jets+X 0.0018 0.18 710 - 730 1.0 0.0± 0.002
60 3e+3jets+X 0.0066 0.18 1100 - 1120 1.0 0.002± 0.007
61 3µ+2jets+X 0.0037 0.19 450 - 510 5.0 0.9± 0.2
62 1e+1µ+1γ+X 0.0047 0.19 210 - 230 6.0 1.2± 0.5
63 1e+1µ+1γ+1jet+/𝐸t+X 0.0066 0.19 460 - 740 4.0 0.6± 0.3
64 3γ+1jet+X 0.0057 0.21 470 - 480 1.0 2.1 · 10−4 ± 70.2 · 10−4
65 3e+3jets+/𝐸t+X 0.018 0.22 510 - 650 2.0 0.2± 0.06
66 2µ+1γ+X 0.005 0.24 330 - 370 14.0 4.0± 2.2
67 1µ+1γ+1jet+X 0.0045 0.24 680 - 740 12.0 3.5± 1.6
68 2e+3jets+/𝐸t+X 0.0019 0.25 1040 - 1160 14.0 4.6± 1.3
69 1µ+4jets+/𝐸t+X 0.002 0.25 1800 - 1900 6.0 1.0± 0.5
70 2e+7jets+/𝐸t+X 0.036 0.26 870 - 900 1.0 0.03± 0.03
71 1e+1µ+4jets+X 0.0019 0.26 1950 - 2030 4.0 0.5± 0.2
72 2e+1jet+/𝐸t+X 0.0026 0.26 1080 - 1140 6.0 0.8± 0.6
73 3e+1γ+X 0.014 0.27 400 - 410 1.0 0.01± 0.01
74 2e+1γ+1jet+X 0.0026 0.29 240 - 250 9.0 1.8± 1.1
75 1γ+6jets+X 0.0016 0.29 1480 - 1810 7.0 1.0± 0.7
76 2e+5jets+X 7.16 · 10−4 0.3 740 - 800 9.0 1.7± 0.8
77 1e+8jets+/𝐸t+X 0.024 0.31 900 - 930 1.0 1.7 · 10−5 ± 3054.6 · 10−5
78 2e+2µ+1jet+X 0.018 0.32 550 - 560 1.0 0.02± 0.01
79 1e+1µ+1γ+2jets+X 0.0089 0.32 760 - 880 2.0 0.1± 0.06
80 2e+1γ+/𝐸t+X 0.014 0.33 670 - 690 1.0 0.01± 0.01
81 2e+2jets+/𝐸t+X 0.003 0.33 1730 - 1770 2.0 0.05± 0.06
82 1γ+5jets+X 0.0012 0.34 1090 - 1150 11.0 1.9± 1.5
83 3µ+1jet+X 0.0065 0.34 240 - 320 1.0 9.5± 2.4
84 1µ+1γ+6jets+X 0.039 0.34 870 - 910 1.0 0.03± 0.03
85 2µ+1γ+1jet+/𝐸t+X 0.02 0.36 290 - 330 3.0 0.5± 0.2
86 1e+1µ+6jets+X 0.01 0.36 710 - 730 1.0 0.004± 0.01
87 1e+/𝐸t+X 0.0026 0.36 180 - 190 2.3 · 103 1.5 · 103 ± 0.3 · 103
88 1e+1µ+7jets+/𝐸t+X 0.037 0.36 1050 - 1080 1.0 0.03± 0.03
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
89 1e+7jets+/𝐸t+X 0.0099 0.36 1520 - 1800 4.0 0.7± 0.3
90 1e+1µ+7jets+X 0.037 0.36 1510 - 1540 1.0 0.03± 0.03
91 1e+9jets+X 0.037 0.37 1960 - 2000 1.0 0.03± 0.03
92 2µ+5jets+X 0.0036 0.38 1860 - 2210 4.0 0.5± 0.3
93 3e+2jets+/𝐸t+X 0.014 0.38 530 - 550 2.0 0.2± 0.08
94 1e+2γ+X 0.0087 0.38 340 - 360 2.0 0.02± 0.1
95 1µ+1γ+3jets+X 0.004 0.38 540 - 560 10.0 2.7± 1.2
96 3e+/𝐸t+X 0.011 0.4 170 - 220 25.0 12.2± 3.3
97 2e+2µ+X 0.013 0.41 160 - 180 2.0 0.2± 0.06
98 1µ+7jets+/𝐸t+X 0.0043 0.41 2190 - 2240 1.0 2.6 · 10−5 ± 543.2 · 10−5
99 1γ+3jets+X 0.0017 0.42 590 - 630 444.0 174.5± 89.6
100 1e+1µ+/𝐸t+X 0.0096 0.43 40 - 50 28.0 15.3± 2.7
101 1µ+/𝐸t+X 0.011 0.43 860 - 6580 3.0 10.7± 1.5
102 1µ+1γ+X 0.014 0.44 390 - 400 4.0 0.4± 0.6
103 2e+2γ+X 0.013 0.44 340 - 350 1.0 0.003± 0.02
104 3γ+X 0.032 0.45 260 - 270 1.0 2.5 · 10−4 ± 405.6 · 10−4
105 1µ+1γ+1jet+/𝐸t+X 0.012 0.45 340 - 360 50.0 24.8± 8.9
106 1e+1µ+1jet+X 0.0088 0.47 1350 - 1450 4.0 0.2± 0.6
107 2e+/𝐸t+X 0.011 0.48 30 - 40 29.0 14.3± 4.1
108 3µ+2jets+/𝐸t+X 0.022 0.48 510 - 530 2.0 0.2± 0.07
109 1µ+7jets+X 0.0032 0.48 1580 - 1820 0.0 11.5± 3.8
110 2µ+X 0.016 0.48 500 - 520 7.0 17.7± 3.2
111 1γ+1jet+/𝐸t+X 0.0076 0.48 260 - 280 106.0 53.3± 19.3
112 1e+2µ+1jet+X 0.01 0.5 480 - 540 8.0 2.6± 0.7
113 2e+1µ+2jets+/𝐸t+X 0.026 0.51 1140 - 1170 1.0 0.03± 0.01
114 1µ+1γ+2jets+/𝐸t+X 0.013 0.52 1450 - 1610 2.0 0.03± 0.2
115 1µ+1γ+2jets+X 0.0085 0.52 1070 - 1130 6.0 1.2± 0.8
116 1µ+6jets+/𝐸t+X 0.0075 0.53 630 - 660 2.0 10.1± 1.9
117 1e+1µ+1jet+/𝐸t+X 0.011 0.54 700 - 720 1.0 7.4± 1.4
118 1e+1µ+X 0.015 0.55 10 - 20 37.0 21.2± 4.7
119 1e+1µ+4jets+/𝐸t+X 0.0094 0.56 630 - 660 1.0 7.4± 1.3
120 2e+3jets+X 0.0029 0.56 1870 - 1900 5.0 0.2± 0.7
121 1e+1γ+1jet+/𝐸t+X 0.0097 0.56 300 - 320 25.0 9.9± 4.5
122 4µ+1jet+X 0.036 0.56 390 - 400 1.0 0.04± 0.02
123 2γ+/𝐸t+X 0.018 0.57 150 - 220 29.0 10.9± 6.9
124 1µ+1γ+3jets+/𝐸t+X 0.017 0.57 320 - 400 17.0 6.7± 3.2
125 3µ+3jets+/𝐸t+X 0.05 0.57 570 - 590 1.0 0.05± 0.02
126 3µ+1jet+/𝐸t+X 0.023 0.6 220 - 310 0.0 4.4± 1.1
127 4e+X 0.034 0.6 290 - 370 3.0 0.7± 0.2
128 1e+1µ+1γ+1jet+X 0.027 0.6 780 - 800 1.0 0.02± 0.02
129 1µ+5jets+/𝐸t+X 0.0094 0.61 1980 - 2030 3.0 0.3± 0.2
130 1e+2µ+/𝐸t+X 0.02 0.61 70 - 80 1.0 0.02± 0.02
131 1µ+1γ+/𝐸t+X 0.024 0.61 580 - 620 3.0 0.3± 0.5
132 1e+4jets+/𝐸t+X 0.0078 0.61 990 - 1020 33.0 17.2± 4.0
133 2µ+1jet+X 0.015 0.61 1130 - 1280 22.0 41.6± 6.9
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
134 3e+2jets+X 0.017 0.61 1150 - 1230 2.0 0.1± 0.1
135 1µ+2γ+X 0.067 0.63 50 - 110 2.0 0.2± 0.3
136 2e+1µ+X 0.015 0.63 580 - 610 2.0 0.2± 0.06
137 2µ+5jets+/𝐸t+X 0.021 0.64 2050 - 2100 1.0 0.0± 0.03
138 1e+1µ+3jets+X 0.0094 0.66 1060 - 1120 3.0 12.2± 2.5
139 1e+5jets+/𝐸t+X 0.0092 0.66 520 - 580 33.0 18.7± 3.1
140 2e+6jets+X 0.021 0.66 1390 - 1630 3.0 0.4± 0.3
141 2µ+2jets+/𝐸t+X 0.014 0.67 950 - 1410 13.0 29.5± 5.7
142 1e+1γ+2jets+X 0.011 0.68 800 - 820 16.0 5.5± 3.0
143 2µ+4jets+/𝐸t+X 0.015 0.68 490 - 510 9.0 3.4± 0.8
144 2e+1γ+2jets+/𝐸t+X 0.1 0.68 630 - 650 1.0 0.07± 0.1
145 2µ+1γ+1jet+X 0.02 0.68 350 - 360 4.0 0.7± 0.6
146 3µ+/𝐸t+X 0.028 0.69 620 - 640 1.0 0.03± 0.01
147 2µ+6jets+/𝐸t+X 0.079 0.69 870 - 900 1.0 0.07± 0.06
148 2µ+4jets+X 0.0065 0.7 1780 - 1900 7.0 1.3± 1.0
149 2µ+2jets+X 0.015 0.71 150 - 170 1.0 10.6± 3.7
150 1e+2µ+2jets+X 0.031 0.74 330 - 350 2.0 0.2± 0.1
151 2µ+1jet+/𝐸t+X 0.022 0.75 990 - 1020 4.0 0.8± 0.5
152 1µ+1γ+4jets+X 0.015 0.75 670 - 710 5.0 1.1± 0.6
153 1e+2µ+1jet+/𝐸t+X 0.038 0.75 230 - 310 0.0 3.7± 0.9
154 1µ+6jets+X 0.01 0.76 1500 - 2020 20.0 56.7± 14.7
155 1µ+5jets+X 0.012 0.77 530 - 550 20.0 39.9± 6.7
156 2e+1µ+1jet+/𝐸t+X 0.04 0.77 440 - 640 0.0 3.6± 0.9
157 1e+8jets+X 0.039 0.77 2050 - 2130 2.0 0.3± 0.1
158 1e+1µ+5jets+/𝐸t+X 0.033 0.77 760 - 820 5.0 1.7± 0.4
159 1e+2µ+X 0.029 0.78 370 - 550 1.0 7.6± 2.5
160 1e+1γ+5jets+/𝐸t+X 0.054 0.78 1080 - 1110 1.0 2.0 · 10−4 ± 704.2 · 10−4
161 1µ+1γ+5jets+/𝐸t+X 0.14 0.78 700 - 730 1.0 0.2± 0.07
162 2e+1µ+2jets+X 0.038 0.8 540 - 580 3.0 0.7± 0.2
163 1e+6jets+/𝐸t+X 0.019 0.8 960 - 1140 6.0 16.4± 3.5
164 2γ+4jets+/𝐸t+X 0.048 0.8 920 - 950 1.0 0.0± 0.06
165 2e+4jets+/𝐸t+X 0.023 0.81 710 - 740 8.0 3.1± 0.8
166 2µ+3jets+/𝐸t+X 0.018 0.81 910 - 940 0.0 5.0± 1.5
167 3µ+X 0.03 0.81 440 - 450 2.0 0.3± 0.08
168 1e+2µ+2jets+/𝐸t+X 0.073 0.82 250 - 590 0.0 2.9± 0.7
169 1e+7jets+X 0.016 0.83 1030 - 1240 0.0 4.5± 0.9
170 2e+5jets+/𝐸t+X 0.047 0.86 630 - 750 0.0 3.4± 0.8
171 1γ+6jets+/𝐸t+X 0.057 0.86 1200 - 1400 2.0 0.09± 0.4
172 2γ+1jet+X 0.012 0.87 210 - 320 224.0 88.7± 57.4
173 3e+1jet+/𝐸t+X 0.052 0.87 480 - 500 2.0 0.4± 0.1
174 1µ+3jets+/𝐸t+X 0.014 0.87 1710 - 1810 6.0 1.3± 0.9
175 1e+2µ+3jets+X 0.053 0.87 900 - 920 1.0 0.04± 0.05
176 2µ+/𝐸t+X 0.039 0.88 430 - 490 10.0 20.5± 4.0
177 2µ+3jets+X 0.023 0.9 250 - 290 2.0 10.6± 3.3
178 2e+7jets+X 0.04 0.9 1440 - 1470 1.0 0.0± 0.05
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Full list of the detailed scan of the inclusive combined mass distributions in all considered event classes in
2011, including event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value,
i. e. by decreasing significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
179 1e+2γ+1jet+X 0.048 0.91 620 - 630 1.0 7.6 · 10−4 ± 619.9 · 10−4
180 1e+1µ+2jets+X 0.029 0.91 410 - 430 83.0 123.4± 18.5
181 1e+1µ+3jets+/𝐸t+X 0.033 0.92 1140 - 1170 4.0 1.1± 0.4
182 1e+2γ+2jets+X 0.041 0.92 870 - 890 1.0 0.005± 0.05
183 1e+2jets+/𝐸t+X 0.012 0.92 1500 - 1540 1.0 14.2± 5.6
184 1µ+2jets+/𝐸t+X 0.0034 0.92 1290 - 1500 62.0 124.5± 21.2
185 2e+1µ+1jet+X 0.037 0.93 1040 - 1060 1.0 0.04± 0.02
186 1e+6jets+X 0.021 0.95 1730 - 1770 6.0 1.7± 0.8
187 2µ+6jets+X 0.1 0.95 970 - 1000 1.0 0.1± 0.07
188 1µ+1γ+5jets+X 0.033 0.95 830 - 850 2.0 0.09± 0.3
189 1e+4jets+X 0.02 0.95 640 - 660 165.0 115.4± 20.5
190 1e+1µ+5jets+X 0.045 0.95 2810 - 2860 1.0 1.7 · 10−4 ± 577.8 · 10−4
191 1e+3jets+/𝐸t+X 0.015 0.95 1550 - 1590 6.0 1.3± 0.9
192 1e+1γ+1jet+X 0.0078 0.95 700 - 720 10.0 418.4± 501.9
193 2γ+4jets+X 0.037 0.96 1060 - 1150 3.0 0.09± 0.7
194 2γ+X 0.025 0.96 1150 - 1160 1.0 0.01± 0.03
195 1e+1jet+X 0.0013 0.97 760 - 780 1.2 · 103 490.0± 248.9
196 2γ+6jets+X 0.053 0.97 1970 - 2010 1.0 0.0± 0.07
197 1µ+2jets+X 0.0057 0.97 2190 - 2840 14.0 49.2± 12.9
198 2e+4jets+X 0.023 0.97 670 - 690 15.0 7.1± 2.0
199 1e+1µ+2jets+/𝐸t+X 0.055 0.98 920 - 1070 7.0 14.9± 3.1
200 1e+5jets+X 0.024 0.98 1630 - 1770 37.0 20.4± 6.1
201 1e+3jets+X 0.011 0.98 330 - 350 419.0 305.3± 45.5
202 1e+1γ+X 0.0077 0.99 560 - 570 2.0 116.3± 130.5
203 4µ+X 0.15 0.99 300 - 310 1.0 0.2± 0.06
204 1γ+2jets+X 0.03 0.99 2660 - 5950 1.0 18.1± 13.1
205 1e+1jet+/𝐸t+X 0.02 0.99 1420 - 1680 6.0 22.2± 6.9
206 1e+1γ+/𝐸t+X 0.084 0.99 570 - 590 2.0 0.2± 0.5
207 1γ+7jets+X 0.083 1.0 2690 - 2730 1.0 5.0 · 10−6 ± 111637.0 · 10−6
208 1µ+1jet+/𝐸t+X 0.0042 1.0 690 - 750 532.0 748.8± 78.6
209 2γ+5jets+X 0.078 1.0 560 - 1880 1.0 8.6± 7.9
210 1µ+3jets+X 0.08 1.0 1650 - 1910 136.0 180.3± 28.5
211 2e+2jets+X 0.0032 1.0 1850 - 1910 1.0 183.4± 252.7
212 1γ+1jet+X 0.056 1.0 1890 - 1920 4.0 0.8± 0.9
213 2e+X 0.0032 1.0 1030 - 1080 1.0 179.9± 252.6
214 2e+1jet+X 0.0097 1.0 1400 - 1420 5.0 180.8± 252.6
215 1e+2jets+X 0.02 1.0 980 - 1010 834.0 491.2± 165.0
216 1µ+1jet+X 0.1 1.0 1550 - 1800 12.0 24.1± 7.9
217 2µ+1γ+2jets+/𝐸t+X 0.3 1.0 250 - 3530 0.0 1.3± 0.4
218 1e+2µ+3jets+/𝐸t+X 0.31 1.0 350 - 3920 0.0 1.2± 0.3
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C.5.3 Missing Transverse Energy
C.5.3.1 Exclusive Event Classes
Table C.25: Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes
in 2011, including event classes resulting from photon triggered events. The list is sorted by
increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated in the
given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1γ+4jets+/𝐸t 3.32 · 10−6 3.37 · 10−4 50 - 80 104.0 28.8± 13.7
2 2e+1µ+1γ+1jet+/𝐸t 1.11 · 10−4 7.40 · 10−4 220 - 250 1.0 0.0± 1.4 · 10−4
3 2e+6jets+/𝐸t 1.11 · 10−4 0.0024 170 - 200 2.0 0.009± 0.01
4 1γ+5jets+/𝐸t 2.22 · 10−4 0.0059 60 - 90 11.0 1.9± 1.0
5 1e+1µ+1γ+3jets+/𝐸t 8.86 · 10−4 0.0069 100 - 160 2.0 0.03± 0.02
6 1e+1µ+1γ+/𝐸t 0.0014 0.016 290 - 330 1.0 0.0± 0.002
7 1γ+3jets+/𝐸t 3.26 · 10−4 0.016 70 - 110 100.0 38.2± 15.5
8 2γ+3jets+/𝐸t 0.0023 0.017 60 - 90 4.0 0.1± 0.4
9 1µ+2γ+2jets+/𝐸t 0.0059 0.023 180 - 210 1.0 0.0± 0.007
10 2γ+2jets+/𝐸t 0.0021 0.027 50 - 190 12.0 2.5± 1.8
11 1e+2jets+/𝐸t 1.86 · 10−5 0.031 490 - 570 9.0 0.3± 0.7
12 4e+/𝐸t 0.027 0.041 50 - 80 1.0 0.03± 0.02
13 1µ+2γ+1jet+/𝐸t 0.0051 0.045 110 - 140 1.0 6.0 · 10−6 ± 6373.1 · 10−6
14 1γ+2jets+/𝐸t 1.74 · 10−4 0.051 80 - 110 155.0 55.0± 25.2
15 1e+1γ+5jets+/𝐸t 0.0037 0.058 220 - 250 1.0 0.0± 0.005
16 1e+1µ+1γ+2jets+/𝐸t 0.0047 0.061 80 - 110 3.0 0.3± 0.1
17 2e+2µ+/𝐸t 0.047 0.065 50 - 80 1.0 0.05± 0.02
18 1e+8jets+/𝐸t 0.0071 0.071 220 - 250 1.0 4.0 · 10−4 ± 87.3 · 10−4
19 2µ+1γ+1jet+/𝐸t 0.012 0.1 220 - 250 1.0 0.007± 0.01
20 2e+1µ+3jets+/𝐸t 0.013 0.1 310 - 370 1.0 0.01± 0.009
21 2e+7jets+/𝐸t 0.026 0.11 50 - 80 1.0 0.02± 0.02
22 1e+1µ+7jets+/𝐸t 0.027 0.12 90 - 120 1.0 0.02± 0.02
23 2e+1γ+/𝐸t 0.018 0.13 100 - 130 3.0 0.4± 0.3
24 1e+1jet+/𝐸t 2.35 · 10−4 0.13 330 - 410 50.0 20.0± 5.8
25 3e+3jets+/𝐸t 0.05 0.15 60 - 120 2.0 0.3± 0.1
26 1µ+1γ+6jets+/𝐸t 0.072 0.18 50 - 80 1.0 0.07± 0.04
27 3µ+1jet+/𝐸t 0.011 0.18 390 - 450 1.0 0.008± 0.009
28 1µ+1γ+4jets+/𝐸t 0.015 0.19 190 - 220 2.0 0.2± 0.1
29 1e+/𝐸t 0.0053 0.23 150 - 180 866.0 617.1± 93.0
30 2e+1γ+1jet+/𝐸t 0.032 0.24 90 - 120 3.0 0.6± 0.3
31 1e+1γ+4jets+/𝐸t 0.031 0.26 130 - 160 2.0 0.2± 0.2
32 1γ+6jets+/𝐸t 0.088 0.27 60 - 120 3.0 0.4± 0.9
33 1µ+1γ+5jets+/𝐸t 0.048 0.28 260 - 290 1.0 0.02± 0.05
34 1e+7jets+/𝐸t 0.015 0.28 50 - 80 0.0 4.9± 1.2
35 1γ+/𝐸t 0.0087 0.29 260 - 290 10.0 2.9± 1.5
36 2µ+1γ+/𝐸t 0.071 0.29 80 - 120 3.0 0.9± 0.4
37 1e+1µ+4jets+/𝐸t 0.011 0.3 210 - 240 6.0 1.7± 0.4
38 2µ+4jets+/𝐸t 0.014 0.38 160 - 1070 2.0 9.3± 1.9
39 1µ+1γ+3jets+/𝐸t 0.021 0.4 50 - 80 35.0 17.3± 6.7
40 1e+1µ+6jets+/𝐸t 0.069 0.41 200 - 230 1.0 0.07± 0.04
41 2e+2jets+/𝐸t 0.021 0.43 370 - 430 2.0 0.1± 0.2
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
42 2e+/𝐸t 0.023 0.43 160 - 200 16.0 7.6± 2.3
43 1γ+1jet+/𝐸t 0.01 0.45 100 - 130 105.0 52.1± 20.4
44 1µ+9jets+/𝐸t 0.19 0.46 110 - 140 1.0 0.2± 0.1
45 1e+1µ+5jets+/𝐸t 0.025 0.47 280 - 350 2.0 0.2± 0.09
46 1µ+8jets+/𝐸t 0.068 0.47 80 - 110 4.0 1.4± 0.5
47 1e+1γ+3jets+/𝐸t 0.043 0.49 200 - 230 2.0 0.3± 0.2
48 1µ+/𝐸t 0.019 0.53 260 - 310 35.0 57.0± 7.9
49 1µ+1γ+2jets+/𝐸t 0.038 0.54 310 - 430 3.0 0.04± 0.7
50 3µ+3jets+/𝐸t 0.23 0.54 60 - 90 1.0 0.3± 0.09
51 2γ+1jet+/𝐸t 0.077 0.55 230 - 260 1.0 0.01± 0.1
52 2e+1µ+/𝐸t 0.067 0.57 70 - 100 2.0 6.7± 1.6
53 1e+4jets+/𝐸t 0.015 0.59 300 - 350 9.0 3.2± 1.0
54 2µ+/𝐸t 0.04 0.6 290 - 410 3.0 0.5± 0.5
55 1e+1γ+2jets+/𝐸t 0.057 0.61 130 - 170 8.0 2.9± 1.9
56 2e+1γ+2jets+/𝐸t 0.4 0.61 50 - 80 1.0 0.5± 0.2
57 1e+1µ+2jets+/𝐸t 0.035 0.61 220 - 260 3.0 9.1± 1.6
58 1µ+7jets+/𝐸t 0.035 0.61 80 - 210 7.0 18.0± 4.6
59 3e+/𝐸t 0.09 0.64 60 - 90 14.0 8.4± 2.2
60 1µ+6jets+/𝐸t 0.036 0.69 120 - 150 9.0 19.3± 3.9
61 2e+5jets+/𝐸t 0.07 0.69 90 - 140 0.0 2.9± 0.7
62 2e+1jet+/𝐸t 0.047 0.69 180 - 220 28.0 17.7± 3.6
63 1µ+4jets+/𝐸t 0.025 0.7 250 - 280 36.0 21.5± 4.7
64 1e+3jets+/𝐸t 0.014 0.71 330 - 390 15.0 4.2± 3.4
65 1µ+3jets+/𝐸t 0.021 0.72 370 - 490 14.0 37.4± 10.2
66 2γ+4jets+/𝐸t 0.55 0.73 50 - 80 1.0 0.7± 0.7
67 2µ+1jet+/𝐸t 0.054 0.73 250 - 350 8.0 3.8± 0.9
68 1e+6jets+/𝐸t 0.048 0.74 170 - 220 0.0 3.4± 0.8
69 1µ+1jet+/𝐸t 0.017 0.75 280 - 330 207.0 296.9± 39.2
70 2e+1µ+1jet+/𝐸t 0.1 0.75 90 - 1070 1.0 4.2± 1.0
71 1e+2µ+/𝐸t 0.11 0.76 80 - 120 1.0 4.1± 1.0
72 1e+2µ+2jets+/𝐸t 0.17 0.78 50 - 1190 1.0 3.4± 0.8
73 1µ+5jets+/𝐸t 0.033 0.78 390 - 730 1.0 9.8± 4.3
74 1e+5jets+/𝐸t 0.045 0.79 210 - 240 12.0 5.2± 2.4
75 2e+1µ+2jets+/𝐸t 0.16 0.8 70 - 160 0.0 1.9± 0.5
76 1e+1γ+/𝐸t 0.073 0.81 210 - 240 3.0 0.2± 0.9
77 1µ+1γ+/𝐸t 0.086 0.81 170 - 470 1.0 5.7± 2.4
78 2µ+2jets+/𝐸t 0.065 0.84 200 - 240 6.0 12.7± 2.5
79 1e+1µ+3jets+/𝐸t 0.069 0.84 350 - 410 2.0 0.4± 0.2
80 3e+1jet+/𝐸t 0.17 0.86 60 - 90 6.0 3.5± 1.1
81 2e+4jets+/𝐸t 0.08 0.86 70 - 100 22.0 14.6± 2.8
82 3e+2jets+/𝐸t 0.23 0.86 50 - 1070 1.0 3.1± 1.0
83 2µ+6jets+/𝐸t 0.2 0.87 60 - 450 0.0 1.8± 0.6
84 1e+1γ+1jet+/𝐸t 0.089 0.87 330 - 390 1.0 0.007± 0.1
85 1e+1µ+1jet+/𝐸t 0.082 0.89 230 - 260 1.0 5.1± 1.7
86 3µ+/𝐸t 0.15 0.89 100 - 130 0.0 2.0± 0.5
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Full list of the detailed scan of the exclusive /𝐸t distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
87 1µ+2jets+/𝐸t 0.03 0.9 370 - 450 61.0 36.4± 10.7
88 3µ+2jets+/𝐸t 0.24 0.91 140 - 170 1.0 0.3± 0.08
89 2e+3jets+/𝐸t 0.095 0.92 490 - 550 1.0 0.03± 0.1
90 2µ+5jets+/𝐸t 0.14 0.93 70 - 140 3.0 6.7± 1.4
91 1µ+1γ+1jet+/𝐸t 0.14 0.95 140 - 170 18.0 11.5± 4.4
92 2γ+/𝐸t 0.25 0.96 60 - 120 7.0 12.6± 10.1
93 1e+1µ+/𝐸t 0.14 0.97 220 - 250 3.0 1.0± 0.8
94 2µ+3jets+/𝐸t 0.15 0.99 80 - 120 91.0 114.3± 18.9
95 1e+2µ+1jet+/𝐸t 0.25 0.99 90 - 150 1.0 2.8± 0.7
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C.5.3.2 Inclusive Event Classes
Table C.26: Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes
in 2011, including event classes resulting from photon triggered events. The list is sorted by
increasing 𝑝-value, i. e. by decreasing significance. The given 𝑝-value has been calculated in the
given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
1 1γ+4jets+/𝐸t+X 4.84 · 10−5 0.003 50 - 80 130.0 44.5± 19.1
2 2e+1µ+1γ+1jet+/𝐸t+X 0.0014 0.0051 220 - 250 1.0 7.3 · 10−6 ± 1779.7 · 10−6
3 1e+1µ+1γ+2jets+/𝐸t+X 3.21 · 10−4 0.0051 80 - 160 5.0 0.5± 0.2
4 2e+1µ+1γ+/𝐸t+X 0.0017 0.0058 220 - 250 1.0 7.3 · 10−6 ± 2072.7 · 10−6
5 2e+6jets+/𝐸t+X 3.81 · 10−4 0.0059 170 - 200 2.0 0.01± 0.02
6 2γ+2jets+/𝐸t+X 7.57 · 10−4 0.013 50 - 210 20.0 4.4± 3.1
7 1e+1µ+1γ+3jets+/𝐸t+X 0.0016 0.013 100 - 160 2.0 0.05± 0.03
8 1µ+2γ+1jet+/𝐸t+X 0.002 0.014 110 - 210 2.0 0.04± 0.04
9 1γ+3jets+/𝐸t+X 5.86 · 10−4 0.026 50 - 80 549.0 224.1± 97.3
10 1µ+2γ+2jets+/𝐸t+X 0.0065 0.034 180 - 210 1.0 0.0± 0.008
11 1e+2jets+/𝐸t+X 1.72 · 10−5 0.044 470 - 530 11.0 1.1± 0.8
12 2γ+1jet+/𝐸t+X 0.0038 0.062 150 - 210 4.0 0.3± 0.4
13 1e+1γ+5jets+/𝐸t+X 0.0037 0.065 220 - 250 1.0 1.5 · 10−5 ± 469.1 · 10−5
14 4e+/𝐸t+X 0.037 0.079 50 - 80 1.0 0.04± 0.02
15 1e+1µ+1γ+/𝐸t+X 0.0071 0.095 220 - 300 2.0 0.1± 0.06
16 1e+1γ+3jets+/𝐸t+X 0.0036 0.095 130 - 160 6.0 1.1± 0.6
17 1γ+5jets+/𝐸t+X 0.0061 0.098 180 - 270 4.0 0.4± 0.4
18 1µ+2γ+/𝐸t+X 0.017 0.099 110 - 210 2.0 0.1± 0.1
19 2e+1µ+3jets+/𝐸t+X 0.013 0.11 310 - 370 1.0 0.01± 0.009
20 2e+7jets+/𝐸t+X 0.026 0.11 50 - 80 1.0 0.02± 0.02
21 1e+8jets+/𝐸t+X 0.013 0.12 220 - 250 1.0 0.006± 0.01
22 1e+1µ+1γ+1jet+/𝐸t+X 0.012 0.13 80 - 230 6.0 1.5± 0.6
23 1µ+1γ+4jets+/𝐸t+X 0.0086 0.13 190 - 270 3.0 0.3± 0.2
24 2e+1γ+/𝐸t+X 0.013 0.14 100 - 130 5.0 1.1± 0.5
25 2e+2µ+/𝐸t+X 0.09 0.15 50 - 80 1.0 0.09± 0.04
26 1e+1γ+4jets+/𝐸t+X 0.0096 0.15 220 - 260 2.0 0.09± 0.1
27 1e+1µ+4jets+/𝐸t+X 0.005 0.16 280 - 350 5.0 1.0± 0.3
28 2γ+3jets+/𝐸t+X 0.022 0.16 50 - 80 7.0 1.6± 1.4
29 2µ+1γ+1jet+/𝐸t+X 0.017 0.18 230 - 260 1.0 0.01± 0.02
30 1e+1γ+2jets+/𝐸t+X 0.0083 0.21 130 - 160 12.0 3.5± 2.0
31 1µ+1γ+6jets+/𝐸t+X 0.12 0.24 50 - 80 1.0 0.1± 0.06
32 3e+3jets+/𝐸t+X 0.076 0.24 60 - 120 2.0 0.4± 0.1
33 1e+1µ+3jets+/𝐸t+X 0.0081 0.25 330 - 410 5.0 1.1± 0.3
34 2µ+1γ+/𝐸t+X 0.026 0.26 230 - 260 1.0 0.02± 0.02
35 2µ+4jets+/𝐸t+X 0.0082 0.27 200 - 470 0.0 5.7± 1.3
36 1γ+2jets+/𝐸t+X 0.0064 0.27 80 - 110 324.0 166.4± 60.7
37 1µ+1γ+5jets+/𝐸t+X 0.048 0.28 260 - 290 1.0 0.02± 0.05
38 1e+1µ+7jets+/𝐸t+X 0.087 0.28 90 - 120 1.0 0.05± 0.09
39 1e+3jets+/𝐸t+X 0.002 0.28 450 - 530 7.0 1.2± 0.7
40 3µ+1jet+/𝐸t+X 0.021 0.33 390 - 450 1.0 0.02± 0.01
41 2e+1µ+/𝐸t+X 0.021 0.34 80 - 160 4.0 13.2± 3.1
42 1e+1µ+2jets+/𝐸t+X 0.014 0.34 260 - 410 21.0 10.8± 2.3
43 2e+1µ+2jets+/𝐸t+X 0.039 0.36 310 - 370 1.0 0.04± 0.02
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Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
44 1e+1µ+1jet+/𝐸t+X 0.017 0.4 260 - 290 16.0 7.8± 1.7
45 3µ+/𝐸t+X 0.027 0.4 100 - 130 0.0 4.2± 1.1
46 1e+1µ+6jets+/𝐸t+X 0.072 0.46 200 - 230 1.0 0.07± 0.05
47 2e+1γ+1jet+/𝐸t+X 0.087 0.47 90 - 230 4.0 1.5± 0.6
48 1µ+9jets+/𝐸t+X 0.2 0.5 110 - 140 1.0 0.2± 0.1
49 1e+1µ+5jets+/𝐸t+X 0.032 0.51 280 - 350 2.0 0.3± 0.1
50 1e+4jets+/𝐸t+X 0.013 0.53 300 - 350 14.0 5.9± 1.7
51 2e+2jets+/𝐸t+X 0.029 0.55 370 - 510 3.0 0.6± 0.3
52 1e+2µ+2jets+/𝐸t+X 0.076 0.55 50 - 1190 1.0 4.7± 1.1
53 1µ+/𝐸t+X 0.01 0.57 450 - 790 54.0 99.8± 17.8
54 1e+1µ+/𝐸t+X 0.032 0.57 260 - 410 28.0 16.6± 3.7
55 1µ+1γ+3jets+/𝐸t+X 0.042 0.58 50 - 80 40.0 22.0± 8.4
56 2γ+/𝐸t+X 0.058 0.58 180 - 210 2.0 0.2± 0.3
57 2e+5jets+/𝐸t+X 0.046 0.59 90 - 140 0.0 3.4± 0.8
58 3e+/𝐸t+X 0.06 0.59 60 - 90 22.0 13.2± 3.5
59 1e+2µ+/𝐸t+X 0.053 0.59 80 - 150 4.0 10.6± 2.5
60 1e+5jets+/𝐸t+X 0.026 0.61 220 - 250 16.0 7.0± 2.9
61 2e+1µ+1jet+/𝐸t+X 0.061 0.61 330 - 390 1.0 0.06± 0.03
62 3µ+3jets+/𝐸t+X 0.29 0.62 60 - 90 1.0 0.4± 0.1
63 1µ+8jets+/𝐸t+X 0.092 0.62 50 - 80 0.0 2.7± 0.7
64 2e+4jets+/𝐸t+X 0.036 0.62 90 - 120 6.0 14.3± 2.9
65 1e+1γ+/𝐸t+X 0.043 0.62 220 - 250 6.0 1.8± 1.2
66 1µ+1jet+/𝐸t+X 0.013 0.63 450 - 750 50.0 92.8± 17.2
67 1µ+3jets+/𝐸t+X 0.016 0.64 410 - 490 12.0 35.0± 9.5
68 1e+7jets+/𝐸t+X 0.06 0.64 80 - 170 12.0 6.5± 1.6
69 1µ+5jets+/𝐸t+X 0.022 0.65 350 - 730 2.0 12.7± 4.6
70 1γ+1jet+/𝐸t+X 0.025 0.67 220 - 250 23.0 10.5± 4.5
71 1γ+/𝐸t+X 0.025 0.72 220 - 250 35.0 17.8± 6.8
72 2µ+6jets+/𝐸t+X 0.15 0.72 60 - 450 0.0 2.1± 0.6
73 2e+1γ+2jets+/𝐸t+X 0.53 0.73 50 - 80 1.0 0.8± 0.3
74 1e+1jet+/𝐸t+X 0.021 0.73 270 - 300 129.0 193.8± 29.1
75 2γ+4jets+/𝐸t+X 0.56 0.75 50 - 80 1.0 0.8± 0.8
76 2e+1jet+/𝐸t+X 0.058 0.76 330 - 390 5.0 1.7± 0.8
77 2µ+2jets+/𝐸t+X 0.05 0.77 250 - 330 4.0 10.5± 2.3
78 2µ+5jets+/𝐸t+X 0.074 0.78 70 - 990 5.0 11.1± 2.5
79 1e+2µ+1jet+/𝐸t+X 0.094 0.8 90 - 1190 2.0 6.0± 1.4
80 1e+1γ+1jet+/𝐸t+X 0.065 0.8 120 - 190 35.0 18.8± 8.9
81 2µ+1γ+2jets+/𝐸t+X 0.3 0.81 50 - 750 0.0 1.3± 0.4
82 1γ+6jets+/𝐸t+X 0.3 0.82 60 - 120 4.0 2.1± 2.0
83 2e+/𝐸t+X 0.067 0.82 50 - 80 9.4 · 103 7.8 · 103 ± 1.0 · 103
84 1µ+1γ+/𝐸t+X 0.079 0.83 260 - 300 4.0 1.0± 1.0
85 1µ+6jets+/𝐸t+X 0.054 0.83 120 - 150 13.0 24.0± 4.9
86 1µ+1γ+2jets+/𝐸t+X 0.095 0.86 350 - 430 2.0 0.1± 0.5
87 2µ+/𝐸t+X 0.074 0.86 330 - 410 6.0 2.7± 0.8
88 3e+1jet+/𝐸t+X 0.14 0.88 60 - 90 8.0 4.7± 1.4
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. . . continued from previous page.
Full list of the detailed scan of the inclusive /𝐸t distributions in all considered event classes in 2011, including
event classes resulting from photon triggered events. The list is sorted by increasing 𝑝-value, i. e. by decreasing
significance. The given 𝑝-value has been calculated in the given RoI.
No. Event Class 𝑝-value 𝑝 RoI / GeV 𝑁Data 𝑁SM ± 𝜎SM
89 1e+2µ+3jets+/𝐸t+X 0.31 0.9 50 - 990 0.0 1.2± 0.3
90 2µ+3jets+/𝐸t+X 0.088 0.92 170 - 890 21.0 32.8± 6.4
91 1e+/𝐸t+X 0.057 0.92 270 - 300 175.0 233.0± 33.4
92 1µ+1γ+1jet+/𝐸t+X 0.12 0.92 260 - 290 3.0 0.7± 0.9
93 2e+3jets+/𝐸t+X 0.097 0.93 490 - 550 1.0 0.03± 0.1
94 1µ+4jets+/𝐸t+X 0.083 0.95 410 - 470 4.0 12.5± 5.1
95 1µ+7jets+/𝐸t+X 0.12 0.96 50 - 100 14.0 22.5± 4.9
96 1µ+2jets+/𝐸t+X 0.063 0.97 430 - 670 43.0 69.7± 15.4
97 1e+6jets+/𝐸t+X 0.14 0.98 150 - 180 8.0 4.8± 1.4
98 3e+2jets+/𝐸t+X 0.35 1.0 60 - 90 2.0 1.3± 0.4
99 3µ+2jets+/𝐸t+X 0.31 1.0 140 - 170 1.0 0.4± 0.1
100 2µ+1jet+/𝐸t+X 0.23 1.0 200 - 240 28.0 34.8± 6.0
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D.1 1e+1µ+1γ+2jet+/𝐸t
D.1.1 Sum of Transverse Momenta
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𝑝T of exclusive 1e+1µ+1γ+2jet+/𝐸t.
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∑︀
𝑝T of inclusive 1e+1µ+1γ+2jet+/𝐸t.
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∑︀
𝑝T of exclusive 1e+1µ+1γ+2jet+/𝐸t with
charge consideration.
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Figure D.1:
∑︀
𝑝T of exclusive and inclusive 1e+1µ+1γ+2jet+/𝐸t, with and without charge consideration.
The differences in the distributions with and without charge consideration are marginal.
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D.1.2 Combined Mass
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(b) Combined mass of inclusive
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(c) Combined mass of exclusive 1e+1µ+1γ+2jet+/𝐸t
with charge consideration.
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Figure D.2: Combined mass of exclusive and inclusive 1e+1µ+1γ+2jet+/𝐸t, with and without charge
consideration. The differences in the distributions with and without charge consideration are
marginal.
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D.1.3 Missing Transverse Energy
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(b) /𝐸t of inclusive 1e+1µ+1γ+2jet+/𝐸t.
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Figure D.3: /𝐸t of exclusive and inclusive 1e+1µ+1γ+2jet+/𝐸t, with and without charge consideration. The
differences in the distributions with and without charge consideration are marginal.
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D.2 1e+1µ+1γ+3jet+/𝐸t
D.2.1 Sum of Transverse Momenta
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Figure D.4:
∑︀
𝑝T of exclusive and inclusive 1e+1µ+1γ+3jet+/𝐸t, with and without charge consideration.
The differences in the distributions with and without charge consideration are marginal.
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D.2.2 Combined Mass
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Figure D.5: Combined mass of exclusive and inclusive 1e+1µ+1γ+3jet+/𝐸t, with and without charge
consideration. The differences in the distributions with and without charge consideration are
marginal.
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D.2.3 Missing Transverse Energy
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Figure D.6: /𝐸t of exclusive and inclusive 1e+1µ+1γ+3jet+/𝐸t, with and without charge consideration. The
differences in the distributions with and without charge consideration are marginal.
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E.1 Low Mass Point 6
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(b) Inclusive
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𝑝T 𝑝 distribution.
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(c) Exclusive combined 𝑝 distribution.
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(d) Inclusive combined 𝑝 distribution.
Figure E.1: 𝑝 distributions for exclusive and inclusive
∑︀
𝑝T and combined mass for a mSUGRA LM6 signal.
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E.2 Heavy Vector Boson
E.2.1 Combined Mass
E.2.1.1 Exclusive Event Classes
Table E.1: First five event classes with the smallest 𝑝1/2 for exclusive combined mass with a W′ with
𝑚W′ = 2000 GeV. The give 𝑝 has been computed with respect to the given 𝑝1/2. In addition, the
fraction of times each class had a 𝑝 smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 1e+/𝐸t 2.70 · 10−18 < 1/100000 0.98 1450 - 2050 15.0 0.3± 0.07
2 1µ+/𝐸t 1.18 · 10−8 1.00 · 10−5 0.52 1340 - 2290 9.0 0.4± 0.1
3 1e+1jet+/𝐸t 0.0065 0.26 0.01 790 - 820 43.0 84.9± 15.1
4 1e+2γ+1jet 0.27 0.38 0 790 - 810 1.0 0.2± 0.3
5 1e+5jets+/𝐸t 0.0088 0.39 0 520 - 560 1.0 7.4± 1.3
Table E.2: First five event classes with the smallest 𝑝1/2 for exclusive combined mass with a W′ with
𝑚W′ = 2400 GeV. The given 𝑝 has been computed with respect to the given 𝑝1/2. In addition,
the fraction of times each class had a 𝑝 smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 1e+/𝐸t 1.34 · 10−6 1.40 · 10−4 0.35 2290 - 2410 2.0 0.0± 0.002
2 1µ+/𝐸t 0.0018 0.11 0.1 2530 - 2830 1.0 0.0± 0.002
3 2e+1µ+/𝐸t 0.012 0.38 0 180 - 190 7.0 2.3± 0.5
4 1e+1µ+1γ 0.032 0.4 0 130 - 140 2.0 0.3± 0.2
5 2e+4jets 0.0026 0.4 0 1010 - 1060 21.0 8.5± 2.3
Table E.3: First five event classes with the smallest 𝑝1/2 for exclusive combined mass with a W′ with
𝑚W′ = 2500 GeV. The given 𝑝 has been computed with respect to the given 𝑝1/2. In addition,
the fraction of times each class had a 𝑝 smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 1e+/𝐸t 6.21 · 10−5 0.0086 0.15 1780 - 2260 3.0 0.06± 0.03
2 1µ+/𝐸t 0.0046 0.25 0.01 530 - 560 34.0 19.0± 2.6
3 2e+2jets+/𝐸t 0.0074 0.39 0.01 190 - 240 0.0 6.5± 1.8
4 1µ+1γ+4jets+/𝐸t 0.032 0.41 0 810 - 870 3.0 0.6± 0.2
5 1µ+1γ 0.025 0.42 0 360 - 390 5.0 0.8± 1.0
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E.2.1.2 Inclusive Event Classes
Table E.4: First five event classes with the smallest 𝑝1/2 for inclusive combined mass with a W′ with
𝑚W′ = 2000 GeV. The given 𝑝 has been computed with respect to the given 𝑝1/2. In addition,
the fraction of times each class had a 𝑝 smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 1e+/𝐸t+X 1.04 · 10−27 < 1/100000 1 1420 - 2320 23.0 0.4± 0.1
2 1µ+/𝐸t+X 3.47 · 10−11 < 1/100000 0.86 1530 - 2530 8.0 0.1± 0.06
3 1e+1jet+/𝐸t+X 0.0075 0.31 0 1540 - 1600 4.0 0.3± 0.5
4 2e+1µ+2jets+/𝐸t+X 0.015 0.31 0.01 1320 - 1350 1.0 0.01± 0.009
5 3µ+2jets+/𝐸t+X 0.018 0.37 0.01 390 - 470 4.0 1.0± 0.3
Table E.5: First five event classes with the smallest 𝑝1/2 for inclusive combined mass with a W′ with
𝑚W′ = 2400 GeV. The given 𝑝 has been computed with respect to the given 𝑝1/2. In addition,
the fraction of times each class had a 𝑝 smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 1e+/𝐸t+X 2.03 · 10−7 < 1/100000 0.55 1810 - 2470 5.0 0.05± 0.04
2 1µ+/𝐸t+X 0.0011 0.056 0.16 1530 - 1640 2.0 0.04± 0.03
3 1µ+1γ+1jet+/𝐸t+X 0.018 0.33 0 600 - 1710 2.0 15.5± 6.3
4 2µ+4jets+/𝐸t+X 0.0064 0.34 0 510 - 570 3.0 12.4± 2.3
5 1e+6jets+/𝐸t+X 0.01 0.35 0 660 - 690 7.0 2.3± 0.5
Table E.6: First five event classes with the smallest 𝑝1/2 for inclusive combined mass with a W′ with
𝑚W′ = 2500 GeV. The given 𝑝 has been computed with respect to the given 𝑝1/2. In addition,
the fraction of times each class had a 𝑝 smaller than 10−5 is given.
No. Event Class 𝑝1/2 𝑝 fraction of 𝑝 < 10−5 RoI / GeV 𝑁Signal 𝑁SM ± 𝜎SM
1 1e+/𝐸t+X 1.51 · 10−5 0.0011 0.2 1990 - 2440 3.0 0.02± 0.03
2 1µ+/𝐸t+X 0.0022 0.11 0.12 3200 - 3680 1.0 0.0± 0.003
3 2µ+6jets+/𝐸t+X 0.036 0.41 0.01 1550 - 1590 1.0 0.03± 0.03
4 1e+1jet+/𝐸t+X 0.011 0.41 0 80 - 90 8.0 23.2± 5.3
5 3µ+/𝐸t+X 0.012 0.42 0 140 - 170 0.0 5.4± 1.4
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